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Bacterial infections are a leading cause of death worldwide. One disease-causing 
organism is Staphylococcus aureus. Despite numerous methods used by the host immune 
system to combat infection, S. aureus is still a major health risk. Recently, the Centers for 
Disease Control and Prevention and the World Health Organization listed S. aureus as 
one of the top threats to human health [15, 88]. The elevated threat is due to an increase 
of antibiotic resistant isolates and continued prevalence in the general community [15, 
88], which calls for the development of new therapeutic targets to treat staphylococcal 
infections. In order to combat S. aureus infections, their disease causing mechanisms 
need to be better understood. One of the many virulence factors of S. aureus to cause 
disease are superoxide dismutases (SODs). In S. aureus there are two superoxide 
dismutases, SodA and SodM. The loss of both SODs during a retro-orbital mouse 
infection led to a decrease in the ability of S. aureus to cause disease [65]. However, the 
individual contributions of SodA and SodM to the pathogenesis of S. aureus are not 
completely understood. In this work I aimed to identify how SodA and SodM provide 
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CHAPTER 1: INTRODUCTION 
 
BACKGROUND AND SIGNIFICANCE 
Staphylococcus aureus is a deadly antibiotic-resistant human pathogen 
In the late 1880s, Alexander Ogsten was studying a deadly pathogen: 
Staphylococcus aureus. In his studies he discovered that S. aureus is a Gram-positive 
bacterium of coccus shape that clusters to form tetrad structures [45]. Research since its 
discovery has revealed that S. aureus possesses no known motility structures, and thus it 
is characterized as non-motile. Genetic studies revealed that S. aureus has a genome of 
approximately 2.8 million base pairs with 30% GC content [76]. There is variation 
among strains in the length of the genome due to S. aureus’ ability to acquire 
pathogenicity islands through horizontal gene transfer [76]. Encoded in its genome are a 
large number of virulence factors [76]. These virulence factors aid S. aureus in 
establishing and causing disease, as well as spreading of the pathogen within its 
mammalian hosts.  
The disease burden by S. aureus is partly due to its asymptomatic colonization of 
the nasopharynx of approximately one-third of the world’s population [12, 76, 86, 114]. 
Carriers of S. aureus are at increased risk; of developing an infection [114, 117]. 
However, carriers are not the only ones at risk of developing infection; people who are 
immunocompromised, have medical devices, or have had surgery are at increased risk as 
well [6, 76, 89]. Diseases that are commonly caused by S. aureus include, but are not 
limited to, skin and soft tissue infections, bacteremia, endocarditis, sepsis, toxic shock 
syndrome, and metastatic infections. Because it deploys various mechanisms that allow it 
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to colonize nearly every type of host tissue, S. aureus can infect every organ [76]. 
Additionally, many strains of S. aureus have acquired antibiotic resistant genes. 
Treatment of S. aureus infection with penicillin was effective until resistance started to 
appear in the 1940s [89]. After the discovery of penicillin-resistant S. aureus, a penicillin 
derivative, methicillin, was introduced to treat infections. Unfortunately, methicillin-
resistant S. aureus [69] was found only a year after the introduction of methicillin in 1959 
[89]. By the 1980’s MRSA [69] had become a global problem [89]. As the prevalence of 
antibiotic-resistant strains has risen, it has made S. aureus a more difficult pathogen to 
treat [6, 68]. Even among people who have a fully functional immune system, S. aureus 
can be disseminated and virulent, because it carries a plethora of tools that aid in evading 
and manipulating the host immune system. Though the pathogenicity of S. aureus is not 
fully understood, its ability to spread and cause disease makes it a powerful pathogen. 
 
S. aureus possesses a plethora of tools to evade and resist the host immune system 
Mammalian hosts are equipped with defense mechanisms to fight off invading 
organisms, collectively known as the immune system. The immune system is comprised 
of innate and adaptive immunity. The adaptive immune system provides specificity and 
long-term protection while the innate immune system provides broad protection from 
invading organisms. As part of the adaptive immune system antibodies are created 
through B-cells, but T-cells are required for B-cell activation [81]. Innate immunity is the 
first line of defense against invading organisms. As part of innate immunity there are 
chemical and physical barriers that prevent or limit invading organisms from entering the 
host [81]. One of the defenses deployed by the innate immune system includes the skin as 
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an impermeable barrier [81]. Another defense method is the use of enzymes such as 
lysozyme that lyse the cells of invading organisms before they have the opportunity to 
cause disease [41]. In spite of these early defenses, pathogens still cause disease; however 
there are more elaborate methods used to eliminate them.  
The innate immune system is partly comprised of neutrophils, which are a type of 
leukocyte. Neutrophils have a large arsenal at their disposal to fight off invading 
organisms. One of the properties of neutrophils is their ability to engulf invading 
organism in order to kill them. To eliminate the invading bacterial pathogens such as S. 
aureus, neutrophils must first find the site of infection. To do so, neutrophils must leave 
the blood vessels through a processed termed diapedesis. As part of neutrophil 
recruitment, chemoattractants promote movement of neutrophils out of the blood vessels 
and towards the site of infection. Once at the site of infection, neutrophils deploy their 
various abilities to eliminate invading organisms. In order to combat pathogens, 
neutrophils generate superoxide. Once the pathogen is engulfed, the oxidative burst is 
used to overwhelm invading organism’s defenses [41]. Superoxide is a molecule that can 
be detrimental to the cell if not removed by the invading organisms, as it is known to lead 
to damage of proteins, DNA, and iron-sulfur clusters [8, 56, 67]. As part of innate 
immune system, neutrophils are well equipped as a first line of defense and are essential 
to kill off invading organisms, such as S. aureus. 
The ability of S. aureus to evade the host immune system is a critical component 
of its disease-causing mechanism. S. aureus evades the immune system by modulating 
the movement of neutrophils, which is accomplished by the secretion of chemotaxis 
inhibitory protein of staphylococci (CHIPS). The use of CHIPS by S. aureus reduces the 
	 4	
likelihood that S. aureus is found and eliminated by neutrophils [29]. Another part of S. 
aureus’ disease-causing arsenal is the production of toxins. One of the toxins produced is 
alpha-toxin [83]. Alpha-toxin forms pores in the host leukocyte cell membranes which 
leads to lysis of the cell and ultimately death [83].  
Additionally, to combat the oxidative burst created by neutrophils, S. aureus 
possess free radical scavenging mechanisms. The enzymes used to combat reactive 
oxygen species (ROS) include catalase, alkylhydroperoxidase, and superoxide dismutases 
(SODs) [59]. Without the ability to use SODs, S. aureus is vulnerable to oxidative 
stresses and is thus more susceptible to neutrophil mediated killing [65]. Despite the 
numerous methods employed by the host innate immune system, S. aureus carries a 
myriad of tools to escape and cause disease. 
As part of its disease-causing arsenal, S. aureus modulates not only the innate 
immune system but also the adaptive one. To do so, S. aureus produces toxins, called 
superantigens, which over-stimulate the adaptive immune system. The superantigenic 
toxin, toxic shock syndrome toxin-1 (TSST-1), is secreted and binds the exterior surface 
of the host’s major histocompatibility complex (MHC) class II protein, leading to an 
increased activation of T-cells [61]. Up to 30% of the T-cells become activated, leading 
to an improper immune response [22]. The over activation of T-cells prevents the 
development of antibodies to TSST-1 [53]. Due to the improper response from the 
immune system, individuals who are infected with S. aureus strains that create a 
superantigenic response are unlikely to develop long-term immunity[41]. The inability to 
create long-term immunity results in an individual who is prone to recurring infections 
from the same strain [53].  
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Another method deployed by S. aureus is the disruption of the phagocytic 
engulfment of S. aureus. To disrupt engulfment, S. aureus secretes a cell wall anchored 
protein, protein A, which reduces opsonization. Protein A binds the Fc portion of 
immunoglobulin G (IgG), which blocks IgG from being identified by phagocytic cells 
[91]. The inability of phagocytic cells to locate the Fc portion of IgG inhibits 
opsonization because the Fc portion is required for recognition by neutrophils [16, 30, 93, 
107]. Altogether, S. aureus produces several proteins that allow it to evade both the 
innate and adaptive immune systems, facilitating its pathogenicity.  
 
Mammalian hosts sequester metals as a defense mechanism against S. aureus 
As part of the host innate immune system, metals are sequestered to control a 
diverse set of pathogens. Metals are sequestered because they are essential for all living 
organisms. Transition metals are of particular importance for their ability to function as 
cofactors in proteins. The proteins that require metals have a wide range of functions, 
such as metalloenzymes, transcription factors, and storage of metals. A bioinformatics 
study of 1,371 different enzymes from a structure database has concluded that over 30% 
of enzymes required metals [2]. The most commonly used metal cofactors are 
magnesium, calcium, nickel, cobalt, copper, zinc, manganese, and iron [49]. Of these 
metals, magnesium is the most commonly used metal cofactor in metalloenzymes. The 
most used nonredox metals - magnesium, zinc and calcium - are used to stabilize 
negative charges. There are also redox metals: iron is the most used redox metal, 
followed by manganese, cobalt, copper, nickel, and molybdenum [2]. Each divalent 
cation metal has different binding affinity for organic ligands; the affinities follow Irving-
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Williams stability series where copper2+ (binds the strongest) > zinc2+ > nickel2+ > 
cobalt2+ > iron2+ > manganese2+ >> magnesium2+ and calcium2+ (binds the weakest). The 
difference in affinities creates a problem for proper metallation of proteins, because if the 
metals are found in the same quantities inside the cell, the metal with a higher affinity 
will preferentially metallate the proteins. In order to overcome the Irving-Williams 
preference for binding metals, organisms need to acquire these metals in the appropriate 
quantities to properly metallate their proteins. Therefore, organisms carefully regulate the 
acquisition of metals in order to prevent improper metallation that leads to metal toxicity. 
The metals manganese, iron, and zinc are so important that organisms have dedicated 
systems to acquire them. Iron is necessary for respiration, as well as for biosynthetic and 
catabolic processes [53]. Manganese, when in high enough quantities, is able to dismutate 
superoxide, a toxic oxygen intermediate. Zinc is one of the most common non-redox 
transition metals, that is used for structural and catalytic function [2]. The importance of 
iron, manganese and zinc is exploited by the host immune system to fight invading 
organisms. When the host sequesters these metals, pathogens are unable to fulfill their 
metal requirements. Failure to acquire the correct metals in the proper quantities can be 
detrimental for survival of any organism. 
The host immune system sequesters metals from pathogens by a process called 
nutritional immunity [100]. The most studied example of nutritional immunity is the 
sequestration of iron. Mammalian hosts have several mechanisms to limit the amount of 
iron available to pathogens [116]. In these hosts, most extracellular the iron is found in 
metallo-proteins such as lactoferrin and transferrin that limit the availability of free iron 
to invading organisms [53]. Most of the iron in mammalian hosts is found in erythrocytes 
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used to carry molecular oxygen, remove carbon monoxide and carbon dioxide throughout 
the body [53]. Within erythrocytes is hemoglobin; this protein carries four molecules of 
heme, each of which encompasses one atom of iron [53]. S. aureus damages erythrocytes 
to access their iron pool [53]. Upon erythrocyte lysis, hemoglobin is found freely 
circulating in the blood.  
To prevent the acquisition of iron by the invading pathogens, hosts use proteins to 
limit the availability of iron. The two host proteins are haemopexin and haptoglobin, 
which bind heme and hemoglobin respectively [53]. Haemopexin and haptoglobin are 
only 30 % saturated. The low level of saturation allows for quick binding of the heme and 
hemoglobin by their respective iron binding proteins, thus further preventing access of 
iron to pathogens [53]. Other extracellular iron-binding proteins include transferrin, an 
iron transportation molecule found in the hosts blood. There is also lactoferrin, an iron-
sequestering molecule found in secretions such as tears, saliva, and breast milk. Both 
transferrin and lactoferrin bind iron with high affinity thus further reducing its availability 
to invading organisms [98]. The binding of iron by mammalian hosts in the extracellular 
space is important for limiting bacterial growth.  
The mammalian host needs to limit iron not only extracellularly, but also 
intracellularly. The host employs methods to limit the amount of free iron within cells to 
further reduce its availability to pathogens. One iron sequestering protein is ferritin, a 
storage protein, which sequesters more than 4,000 iron atoms [13]. Ferritin binds free 
Fe2+ inside the host cell and changes it to the oxidized 3+ state which is sequestered inside 
ferritin as a ferric hydroxide crystal [53]. Another method of limiting free iron is the use 
of natural resistance-associated macrophage protein 1 (NRAMP1), which pumps iron out 
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of phagosomes, where bacteria are located upon engulfment by phagocytic cells [40, 60]. 
An inability to properly limit iron availability is linked to higher risk of infections [13]. 
This is the case for those that suffer from the iron accumulation disorder 
hemochromatosis, a disease caused by mutations in iron homeostasis genes [13]. Excess 
iron builds up in the body and makes these people more susceptible to infections by 
Yersenia spp., Listeria monocytogenes, and Vibrio vulnificus [13]. Thus, the ability to 
limit iron to bacterial pathogens is crucial for limiting their growth.  
The sequestration of iron is the prototypic example of nutritional immunity. 
However, iron is not the only metal sequestered by the host. The S100 EF-hand family of 
proteins consists of 20 known S100 proteins, a subset of which bind metals such as 
copper, manganese, and zinc. The S100 protein family is typically composed of 
homodimers or heterodimers that bind one atom of its respective metal at each of the two 
metal binding sites. Of the 20 known proteins, S100A7, S100A8/S100A9, and S100A12 
are of particular importance because upon sequestering their respective transition metals 
they inhibit bacterial growth [122]. The protein S100A7 is an 11 kilodalton protein [122] 
that forms a homodimer with two identical metal-binding sites. In vitro, S100A7 binds 
two ions of zinc, one at each site, which inhibits growth of Escherichia coli, 
Pseudomonas aeruginosa, and S. aureus [122]. Humans primarily produce S100A7 in the 
skin. Production is further increased in the presence of proinflammatory cytokines [44], 
indicating that S100A7 is important during infection, although the in vivo function of the 
protein is still unknown. Similarly to S100A7, S100A12 forms homodimers with 
symmetrical binding sites; however in vitro it binds two atoms of zinc, copper, or one of 
each [122]. As part of the immune response, the S10012 protein is primarily produced in 
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neutrophils, monocytes and macrophages. However, the role of S100A12 in vivo is not 
fully understood [122]. 
While S100A7 and S100A12 are both homodimers and bind zinc and copper, the 
S100A8/S100A9 heterodimer is unique and important, because it is the only proteins 
known to sequester manganese in vitro and in vivo. Together, S100A8 and S100A9 form 
calprotectin, a 24-kiladalton heterodimer, with two non-identical binding sites [28]. The 
host uses calprotectin to limit manganese and zinc availability to pathogens, as it binds 
these metals with high affinities (Kd) [28]. Calprotectin is the only known protein of the 
immune system that binds manganese. Neutrophils produce high quantities of 
calprotectin, which comprises 40-60% of the proteins in their cytoplasm. Calprotectin is 
found in abscesses in excess of 1 mg/ml [24]. Further, the qualitative method of 
inductively coupled mass spectrometry (LA-ICP-MS) revealed that abscesses are nearly 
devoid of manganese and zinc [25]. To test the impacts of calprotectin in vivo, retro-
orbital mouse infections with S. aureus were performed [25]. The importance of 
calprotectin is further supported by the use of calprotectin deficient C57BL/6 S100A9 -/- 
mice. These mice are unable to sequester manganese and have increased bacterial 
burdens compared to wild type mice [25]. Given the large amounts of calprotectin found 
in mouse abscesses and its ability to sequester manganese and zinc, calprotectin is an 
ideal tool to study bacterial defenses against nutritional immunity in the mammalian host. 
The antimicrobial activity of calprotectin depends on its ability to sequester 
manganese and zinc [28]. Upon isothermal titration calorimetry [115] of manganese, 
zinc, and iron, it was shown that calprotectin binds zinc at both Site I and Site II. 
Manganese only binds at Site I, while no iron (III) binds to either site [28]. However, 
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calprotectin also binds copper, nickel, and iron (II), but this reduced iron binding is not 
considered to play a role during infection as the environment iron is in the oxidized state 
[84]. In order to determine the metal binding property of each site, engineered variants 
were created. Both Site I and Site II can bind zinc with picomolar affinities, while Site I 
also binds manganese with nanomolar affinity [10, 25, 28]. It was found that mutation of 
Site I (Mn/Zn site) led to increased bacteria growth in vitro compared to wild-type 
calprotectin. A calprotectin variant unable to bind at either Site I or Site II led to even 
further loss of antimicrobial activity. Thus manganese and not zinc sequestration is 
necessary for maximal antimicrobial activity of calprotectin; zinc sequestration does not 
provide the same antimicrobial effects [28]. 
Purified calprotectin has allowed the identification of numerous methods that 
pathogens deploy to combat nutritional immunity. Growth assays were performed using 
purified calprotectin against Gram-positives and Gram-negative bacteria [28]. The 
growth assays showed broad-spectrum antimicrobial activity against different types of 
pathogens [28]. Upon treatment with calprotectin in vitro, S. aureus becomes sensitive to 
both manganese and zinc sequestration, as growth is significantly reduced [28]. In order 
to determine the intracellular metal levels of S. aureus, the highly sensitive inductively 
coupled plasma mass spectrometry (ICP-MS) was used. In the presence of calprotectin, S. 
aureus had decreased levels of manganese relative to untreated samples. However, there 
was no difference in zinc and iron levels relative to the untreated samples [96]. Not all of 
the processes affected by manganese sequestration in S. aureus have been identified, but 
it is known that the sequestering abilities of calprotectin decrease superoxide dismutase 
activity and render S. aureus more susceptible to superoxide stress during paraquat 
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treatment [23, 63, 65, 109]. Together, the S100 family of proteins offer a great tool to 
study the defenses used by pathogens such as S. aureus to combat nutritional immunity. 
 
Staphylococcus aureus overcomes host-imposed metal starvation 
In order to resist host-imposed metal starvation, bacterial pathogens express 
dedicated uptake systems to acquire metals [14, 66]. In particular, bacteria possess 
systems to import such transition metals as iron, manganese, and zinc. Most of the iron in 
mammalian hosts is unavailable and is sequestered within the cells. Because S. aureus is 
an extracellular pathogen, it finds ways of scavenging iron from both inside and outside 
of host cells. When S. aureus experiences iron limitation, iron falls out of the ferric 
uptake regulator (Fur) protein, leading to derepression of the Fur regulon. This regulon 
encodes enzymes that synthesize two siderophores [13]. These small molecules are 
synthesized in the cytoplasm and then exported into the extracellular space, where they 
bind iron [13]. Then the iron-bound siderophores are transported back across the bacterial 
cell membrane and are broken down to release the iron. S. aureus synthesizes two 
siderophores, staphyloferrin A and staphyloferrin B. Staphyloferrin A, with a molecular 
weight of 479 Da, is a product of enzymes encoded by sfaABCD. Iron-loaded 
staphyloferrin A is imported by HtsABC, an ABC type transporter, imports but transport 
is powered by a separate ATPase, FhuC. Staphyloferrin B, which has a molecular weight 
of 448 Da, is synthesized by enzymes encoded by the sbnABCDEFGHI operon. When 
staphyloferrin B binds iron, it is imported by a different ABC transporter, SirABC [48]. 
S. aureus also captures siderophores produced by other species of bacteria [48]. 
Siderophores are important for the pathogenicity of S. aureus, as the inability to import 
siderophores leads to a decrease in murine morbidity [14].  
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In unison with siderophores, S. aureus also possesses tools to use heme as an iron 
source. The molecule of heme is composed of a tetrapyrrole ring with an atom of iron in 
the center. The availability of heme is limited, as it is not found freely circulating the 
extracellular space [48]. In order for S. aureus to a entrap heme, it must lyse the heme-
rich erythrocytes [48]. S. aureus does so by secreting hemolytic toxins such as alpha-
toxin. Heme and heme-binding proteins are released into the extracellular space [48]. 
Despite the use of siderophores in iron-limiting conditions, S. aureus prefers to use heme 
as a source of iron over other sources such as transferrin [48]. The preference for heme is 
likely due to the higher abundance of heme in a mammalian host compared to transferrin. 
Heme acquisition is mediated by the iron-regulated surface determinant (Isd) system [48]. 
The Isd system is encoded by ten genes organized in five operons: isdA, isdB, isdCDEF, 
srtB, isdG, isdH and orfX, isdI [48]. First, S. aureus binds hemoglobin with IsdB or 
hemoglobin and haptoglobin with IsdH [48]. The heme-binding proteins must then be 
brought across the cell wall and cytoplasmic membrane using IsdA to transport heme to 
IsdC, which is responsible for moving heme across the cell wall [48]. Upon entry into the 
cytoplasm, S. aureus breaks down heme into iron and staphylobilin with two heme 
oxygenases, IsdG and IsdI [48]. The importance of the heme uptake system was observed 
upon the loss of the system leading to reduced virulence in a mouse model [48]. 
Collectively, the use of siderophores and heme uptake system allows for S. aureus to 
combat the iron-limiting environment of the mammalian host further enabling it to cause 
disease.  
Not only does S. aureus need to fulfill its requirement for iron, but it must also 
acquire manganese and zinc for full virulence. To acquire manganese, S. aureus 
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possesses two manganese importers. The first is MntH, an Nramp importer homolog. The 
second Mn importer is MntABC, an ABC-type transporter consisting of a cytoplasmic 
ATP-binding protein (MntA), a transmembrane protein (MntB), and a solute binding 
protein (MntC) [54]. Either of these transporters is important in order for S. aureus to 
resist host-imposed manganese sequestration [66]. MntABC expression is repressed by 
the manganese transport regulator (MntR), which senses intracellular manganese levels 
[54]. When manganese levels fall, the manganese atom bound to MntR falls out, causing 
a conformation change that leads to derepression of mntABC [54]. Accordingly, upon 
exposure of S. aureus to calprotectin, there is an increase in mntABC transcript [66]. 
Additionally, the ∆mntC/∆mntH mutant is more sensitive to intracellular oxidative stress 
when treated with calprotectin than is wild-type S. aureus [66]. The increased sensitivity 
is due to the inability of manganese-dependent superoxide dismutases to acquire their 
metal cofactor. Thus superoxide dismutase activity diminished when ∆mntC/∆mntH S. 
aureus is treated with high concentrations of calprotectin, compared to wild-type S. 
aureus [66]. An ∆mntC/∆mntH mutant has decreased bacterial burdens in a systemic 
model infection, in wild-type mouse while there is no decrease in bacterial burdens in a 
calprotectin deficient mouse [66]. These observations reveal that simultaneous loss of 
MntABC and MntH compromises S. aureus resistance to Mn sequestration in vivo [66], 
and that acquisition of manganese by S. aureus is essential to cause disease.  
The acquisition of zinc in S. aureus has not been as thoroughly studied. S. aureus 
possesses two zinc transporters. One of the transporters is AdcABC, composed of a 
cytoplasmic ATP-binding cassette (AdcA), a transmembrane domain (AdcB), and a 
solute binding protein (AdcC). AdcABC belongs to the Adc/Znu family of zinc 
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transporters found in bacteria. Loss of the AdcABC system in S. aureus does not lead to a 
virulence defect. This is due to the second zinc transporter, CntABCDF, part of a family 
of high affinity zinc transporters that were recently characterized [46]. Both of these zinc 
transporters are regulated by the zinc uptake regulator and are induced in the presence of 
calprotectin [46]. However, loss of the Cnt system led to reduced virulence of S. aureus 
[46]. In addition to the transport genes, the Cnt operon contains genes for synthesis and 
export of a broad-spectrum metallophore termed staphylopine. This small molecule is 
synthesized by CntKLM and then exported by CntE; the zinc loaded staphylopine is later 
imported by the Cnt transport machinery [43, 46]. While staphylopine is able to bind 
iron, cobalt, zinc, nickel, and copper, [43] its biological importance lies in its ability to 
compete with calprotectin for zinc [46]. 
 
Superoxide dismutases are important for the pathogenesis of Staphylococcus aureus 
S. aureus evades nutritional immunity with the help of numerous mechanisms. 
One of these mechanisms is the use of superoxide dismutases. These proteins provide 
protections against the highly reactive molecule superoxide (O2·-). Since molecular 
oxygen (O2) became abundant in the environment, organisms in all three domains have 
had to find ways to deal with its toxicity. Organisms growing in aerobic conditions create 
superoxide when O2 oxidizes redox enzymes in the electron transport chain [102]. Upon 
the addition of an electron to molecular oxygen, superoxide is created [50]. Archaea, 
Eukarya, and Bacteria have methods to get rid of superoxide [8, 23, 56, 77, 102].  
In order to reduce the toxic effects of superoxide, superoxide dismutases (SODs) 
are used and are one of the most efficient enzymes known [80]. The reaction they 
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catalyze is to dismutate two molecules of superoxide to hydrogen peroxide and water [38, 
70, 80]. 
O2·- + O2·- + 2H+ → O2 + H2O2  
Organisms use other enzymes, such as catalases, to eliminate hydrogen peroxide, 
which otherwise can be a lethal molecule [58, 80]. There are other methods used by cells 
to reduce the toxic effects of superoxide, such as superoxide reductases, which have been 
found in all domains of life [37, 57, 62]. Another method of reducing superoxide levels is 
to store high levels of manganese in the cytoplasm, as manganese is known to have 
superoxide scavenging activity independent of enzymes [4, 106]. The ability to reduce 
reactive oxygen species (ROS) is crucial for sustaining life in an oxygen-rich 
environment, as well as for defending cells against the oxidative burst of neutrophils [65]. 
Transition metals are required in SODs as cofactors in order to catalyze the 
dismutation of superoxide [3]. The metal specificity of each SOD allows for their 
classification. The three classes of SODs use manganese (Mn) or iron (Fe), copper (Cu) 
and zinc [49], and nickel (Ni). Ni SODs have only been found in algae and marine 
bacteria [35, 121]. The only SOD that uses two metals is the Cu/Zn SOD familys; they 
use Zn for structural stability and Cu for dismutation [39]. Cu/Zn SODS are found across 
all domains of life and are thought to be older than Ni SODs [11]. In bacteria Cu/Zn 
SODS are only found in the periplasm, where they provide protection from the oxidative 
burst of neutrophils. The loss of the periplasmic Cu/Zn SODs renders Salmonella 
enterica serovar Typhimurium more susceptible to macrophage-mediated killing [27]. 
Cu/Zn or Ni SODs in S. aureus, they are important for combating the toxicity of 
superoxide across all domains of life, even though S. aureus happens not to have them. 
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A separate lineage from the Ni and Cu/Zn SODs comprises the Fe and Mn SODs. 
The Mn and Fe-SODs only bind one metal at a time and are found within the cytoplasm. 
Despite binding different metals at their active site, Mn- and Fe-SODs are thought to 
have derived from the same ancestor [11]. Because Mn- and Fe-SODs are found in all 
domains of life and are disseminated amongst many species, they are thought to be the 
oldest of the SODs [120]. An interesting characteristic of Mn- and Fe- SODs is the shared 
high level of homology; often the metal-binding sites are indistinguishable from one 
another. Thus, Mn- and Fe-SODS often bind the non-cognate metal- ie., MnSODs bind 
Fe and vice versa, even though the binding of the wrong metal often leads to loss of 
activity [3]. Most members of the Mn- and Fe-SODs family are strictly dependent on 
only Mn or Fe [8]. The metal specificity is due to the tuning of their redox potential. 
SODs need to both oxidize and reduce a superoxide molecule; to do this, their reduction 
potential needs to be in the correct range. Failure to have their redox potential in the 
correct range will leads to the inability to carry out the reactions and enzyme inactivation.  
Me3+ + O2- → Me2+ + O2 
2H+ + Me2+ + O2- → Me3+ + H2O2 
However, there is a subset of the Mn/Fe-dependent SODs that are active with 
either Mn or Fe, albeit often at different levels [8, 74, 79, 95]. These SODs are termed 
cambialistic and have been found in a wide range of bacteria, but their biological 
relevance is unknown [25, 93, 95]. For example, E. coli possess multiple metal specific 
SODs such as FeSOD SodB and MnSOD SodA, rather than one with elasticity for metal 
requirement. Although the crystal structures of many Mn and Fe SODs are known, it is 
not yet possible to identify Mn, Fe, or cambialistic SODs computationally, as it is not 
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well understood what gives SODs their metal profiles, however, some of their 
contributions to pathogenesis have been identified [1, 36]. Together, though Mn, Fe, and 
cambialistic SODs are indistinguishable from each other at the structural level, they play 
different roles in providing protection from superoxide.  
In S. aureus, there are two cytoplasmic SODs, SodA and SodM. Both of these 
enzymes have previously been reported to be Mn-dependent [23, 109]. SodA and SodM 
are 75% identical and 87% similar to each other. SODs form dimers, and in S. aureus 
three species of dimers are formed: a SodA homodimer, a SodA/SodM heterodimer, and 
a SodM homodimer. Having a Mn-dependent SOD is not unique to S. aureus, but having 
two SODs with the same metal cofactor would be unique. All known staphylococcal 
species express SodA, but only S. aureus, Staphylococcus argenteus sp. and 
Staphylococcus schweitzeri express SodM [105, 108]. S. aureus is the most virulent of 
the staphylococcal species, and it is believed that SodM contributes to its virulence [108].  
The roles of SodA and SodM are not fully established in S. aureus. The gene 
sodA is constitutively expressed in S. aureus, while sodM is induced upon Mn starvation 
[23, 63, 109]. However, there are conflicting data on the effects that Mn availability has 
on sod expression [5]. SodM was initially characterized as Mn-dependent. SodM was 
resistant to hydrogen peroxide, which inactivates Fe-dependent SODs, but not Mn-
dependent SODs [109]. These experiments along with sequence similarity to other 
reported Mn-dependent SODs led to the conclusion that SodM is Mn-dependent [109]. 
To determine the effects of nutritional immunity on SOD activity, calprotectin was used 
to sequester metals. Upon treatment with the Mn-sequestering protein calprotectin, S. 
aureus SOD activity was effectively reduced [65]. Surprisingly, published data shows 
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that while the SODs are metal dependent they promote resistance to metal sequestration. 
Therefore, at the outset of this work the individual roles that SodA and SodM play in 
resisting nutritional immunity were still not known.  
 
Global regulators control virulence factors needed for the pathogenicity of S. aureus 
S. aureus possesses regulators that are important for its ability to colonize their 
hosts and cause disease [85, 110]. The ability of S. aureus to respond to its environment 
is critical for its survival in a wide range of host tissues. S. aureus possesses 16 two-
component systems and multiple global regulators. These regulators have been linked to 
the pathogenicity of S. aureus [96]. In the context of this work, two global regulators- the 
alternative sigma factor B (SigB) and staphylococcal accessory regulator [82]- are of 
particular interest due to their ability to regulate numerous virulence factors and the 
staphylococcal SODs. 
SarA is a global transcription factor that affects a multitude of genes through its 
various regulatory mechanisms, making it an important component of the virulence 
arsenal in S. aureus. SarA was found to be important for invasive infection using a 
pneumonia mouse model [52]. SarA affects expression of upwards of 120 genes (Figure 
1.1) [34]. Genes regulated directly or indirectly by SarA are implicated in the production 
of extracellular proteins, hemolysis, and biofilm formation and are required for full 
virulence (Figure 1.1) [20, 85]. Virulence factors regulated by SarA include spa, which 
makes protein A; sspA, a serine protease responsible for enhancing S. aureus binding; 
can, a cell-wall anchored collagen adhesion protein; sec, responsible for making 
enterotoxin C; and fnbA, fibronectin binding protein A (Figure 1.1) [123]. SarA also 
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negatively regulates the two superoxide dismutases, SodA and SodM (Figure 1.1) [5]. In 
addition to virulence factors, SarA controls the expression of other staphylococcal 
regulators. This includes the Agr quorum-sensing network. Agr controls extracellular and 
cell wall proteins [87]. Thus, SarA is responsible for regulating a plethora of genes 
important to the pathogenesis of S. aureus.  
 SarA is a 125 amino acid, 14.5 kDa, winged-helix protein and is part of a family 
of 11 regulators known as the SarA protein family. The SarA family consists of SarA, 
SarR, SarS, SarT, SarU, SarV, SarX, SarY, SarZ, Rot, and MgrA [19]. Despite the 
similar names given to the proteins in this family, they do not all have high sequence 
similarity [21]. The SarA family is characterized by homology of their domains to SarA 
[19]. The SarA protein family can be broken down into three categories: single-domain, 
double-domain, and MarR homologs [19]. The single domain proteins in S. aureus 
include SarA, SarR, SarT, SarV, SarX, and Rot [19]. The double domain proteins include 
SarS, SarU, and SarY. MarR is a transcriptional regulator in Gram-negatives; the proteins 
SarZ and MgrA have a higher structural homology to MarR than to SarA [19]. The SarA 
family of proteins is extensive and important for the regulation of many genes in S. 
aureus. 
SarA is an autoregulating protein, and its activity is controlled in multiple ways 
with several inputs through its multiple promoters and post-translational modification. Its 
800 base pair promoter region consists of three promoters, P1, P2, and P3 [99]. The three 
promoters each have different regulatory profiles. The P1 is the predominant promoter 
[7]. SarA and SarR repress the expression of sarA at P1 (Figure 1.1) [19]. The 
housekeeping sigma factor, SigA, positively regulates SarA through P1 [31]. SarA is also 
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able to repress its own expression at P3 (Figure 1.1) [18, 101]. The alternative sigma 
factor, SigB, activates expression of SarA through promoter P3 during post-exponential 
phase and metabolic stress (Figure 1.1) [101]. The P2 promoter is the least studied of the 
three promoters; although it is known that P2 is SigA-dependent, its regulatory profile is 
poorly understood [18, 78]. Recently, small RNA was identified in the P3 region [78]. In 
recent years, it was found that SarA can be modified at a conserved cysteine residue 
through post-translational modifications that alter its binding activity, adding yet another 
level of regulation [32, 103]. The cysteine residue can be phosphorylated by the 
eukaryotic-like kinase, Stk1, and further regulated by the phosphatase Stp1 [103]. There 
is also further evidence that SarA sulfurylation occurs at the cysteine [94]. The exact 
mechanism by which each gene in the SarA regulon is regulated is not fully known. 
These regulatory mechanisms allow S. aureus to quickly adapt to changes in the host 
during infection.  
Alternative sigma factors provide differential regulation of genes in response to 
stressful stimuli in various bacteria, and some are important for pathogenicity [26, 51, 55, 
64, 71, 97, 104, 113, 118]. SigB is an alternative sigma factor in S. aureus, and it 
responds to a multitude of stresses [73, 90, 92]. It controls the expression of over 220 
open reading frames (ORFs) indirectly or directly (Figure 1.2) [9]. Several mouse 
infection models attempted to detect an impact of SigB [17]. However, there has never 
been a reported virulence defect in a sigB mutant of S. aureus [17]. The factors 
controlling SigB activity have been most extensively studied in Bacillus subtilis where 
the sigB operon consists of eight genes, rsbRSTUVWsigBrsbU (Figure 1.2) [33, 47, 111, 
112]. In contrast, in S. aureus only four of the genes are encoded in the chromosome; 
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they are found in the operon, rsbUVWsigB (Figure 1.2) [119]. There is a high level of 
similarity between the proteins made from both operons. RsbU, which dephosphorylates 
RsbV, has a 37% level of similarity between the two bacteria at the amino acid level, 
while RsbV, RsbW, and SigB have 42%, 56%, and 54%, respectively (Figure 1.2) [119]. 
In B. subtilis SigB is controlled by RsbV and RsbW, which are anti- anti-sigma, and anti-
sigma factors, respectively. RsbW is able to bind to SigB to inhibit its ability to bind 
DNA, while RsbV binds to the anti-sigma factor RsbW to prevent its binding to SigB 
[99]. The assumption has been made that, in S. aureus the Rsb components work the 
same way to regulate SigB.  
The regulon of SigB is quite extensive and includes numerous virulence factors in 
S. aureus. The stress response of SigB in S. aureus is growth phase-dependent, being 
primarily active during stationary phase [90]. SigB also responds to heat and acid shock 
[92]. The alkaline shock protein 23 (Asp23) is tightly regulated by SigB and can 
therefore be used as a readout for SigB activity. To further elucidate the SigB regulon 
SigB, a microarray assay was used. The microarray study identified the regulators SarA, 
SarS, and ArlRS as parts of the SigB regulon. Autolysis-regulated locus (ArlRS) is a two-
component regulator system (TCRS) responsible for regulating autolysis, quorum sensing 
and other regulators such as Rot [75]. Loss of ArlRS led to a decrease in virulence in a 
mouse infection, and this TCSRS is important for resisting nutritional immunity [75]. 
SigB also regulates synthesis of the staphyloxanthine, a pigment that gives S. aureus its 
golden pigmentation [72]. The inability to produce staphyloxanthine leads to increased 
neutrophil-mediated killing of S. aureus [41]. SigB controls the expression of several 
extracellular proteins, including enterotoxin B, serine proteases, leukotoxin D, and β-
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hemolysin [123]. Using the clinical isolate strain MA13, Gertz et al. [42] showed that 
SodM was detected only in the absence of SigB. The regulation of SodM via SigB is 
further supported by the fact that loss of SigB leads to an increase in sodM expression 
[63]. Despite no reported virulence defect in the absence of SigB, it is a key in regulating 
several virulence factors in S. aureus. 
 
AIM OF THIS STUDY 
 Previous work showed that a sodA/sodM double mutant was hypersensitive to 
calprotectin-mediated metal sequestration [65]. However, that work did not identify the 
individual roles of SodA and SodM in this phenotype. In this work, the individual 
contributions of SodA and SodM to resisting nutritional immunity were studied. These 
studies revealed that SodA contributes to S. aureus pathogenesis in a metal-replete 
environment while SodM is important upon metal starvation. We learned that SodM is 
cambialistic, meaning it is active with either manganese or iron. After identifying 
conditions when SodM was expressed, I set forth to elucidate the regulatory network of 
this cambialistic SOD. I learned that during calprotectin-induced metal starvation SigB 
played a role in regulating SodM. However, in a sigB mutant, SodM was still responsive 
to calprotectin-mediated metal starvation. In the absence of the global regulator SarA, it 
was found that SodM no longer responds to calprotectin-imposed metal starvation. 
Despite SarA repressing activity of SodM there was increased sarA expression in 
response to CP induced Mn-limitation. This observation indicated that there must be an 
additional level of regulation on SarA. Post-translational modifications on SarA have 
been shown to affect the binding activity of SarA. Upon mutating SarA to mimic post-
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translational modifications the activity of SodM was altered. These data highlight the 
importance of regulating virulence factors, such as SodM in S. aureus. Collectively, these 
investigations revealed that SodM is important for the combating nutritional immunity by 





Figure 1.1. The regulatory mechanism of SarA. The sarA promoter consists of three 
promoters P2, P3, and P1. SarA is able to repress its own expression through P1 and P3. 
SarA with a post-translational modification is unable to bind DNA, while the unmodified 




Figure 1.2. The regulatory mechanism of SigB. (A) The gene organization of the SigB 
operon in B. subtilis and in S. aureus. (B) The regulation of SigB with the regulator of 
SigB (rsb) components RsbU, RsbV, RsbW and SigB. RsbU is the phosphatase that 
dephosphorylates RsbV, the anti-anti-sigma factor. In the event that RsbV becomes 
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 The spread of antibiotic resistance amongst bacteria has led both the Centers for 
Disease Control and Prevention and the World Health Organization to state that 
infections represent a serious threat to human health [9, 46]. This threat is exemplified by 
Staphylococcus aureus, a Gram-positive bacterium that asymptomatically colonizes one 
third of the population and is a leading cause of antibiotic-resistant infections [33, 35, 
54]. A promising area of investigation is elucidating how pathogens overcome host 
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defenses such as the active withholding of essential nutrients and the oxidative burst of 
immune cells.  
During infection, pathogens must obtain all of their nutrients from the host, 
including the essential metal ions that are needed for the approximately one-third of all 
bacterial proteins that require a metal cofactor [1, 66, 67]. This requirement is exploited 
by the host, which restricts the availability of these essential nutrients, a defense termed 
nutritional immunity [13, 29, 30, 55, 68]. The canonical example of nutritional immunity 
is the iron (Fe)-withholding response [55, 68]. In addition to Fe, the host also restricts the 
availability of manganese (Mn) and zinc (Zn) [13, 28-30]. The prototypical example of 
Mn and Zn restriction is the staphylococcal abscess, which is rendered virtually free of 
these metals during infection [13, 28]. A critical component of the Mn- and Zn-
withholding response is the host protein calprotectin (CP) [13, 28, 29]. This innate 
immune effector is highly expressed in neutrophils in which it comprises 40-60% of the 
cytoplasmic protein, and at sites of infection it can be found in excess of 1 mg/ml [12, 
18]. Loss of CP results in host defects in metal sequestration and increased sensitivity to a 
number of bacterial and fungal pathogens, including S. aureus [6, 13, 23, 28, 63]. In 
culture, CP inhibits the growth of a similarly wide range of pathogens [6, 12, 15, 23, 63]. 
The antimicrobial activity of CP is dependent on binding of metal ions to its two 
transition metal-binding sites [15, 21, 28]. The first site or ‘Mn/Zn site’ is comprised of 
six histidines and is capable of binding either Mn or Zn with nanomolar and picomolar 
affinities , respectively [8, 15, 21, 28]. The second site or ‘Zn site’ is comprised of three 
histidines and an aspartic acid and binds Zn with picomolar or sub-picomolar affinity [8, 
15, 28]. 
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In order to cause disease, invading pathogens must not only overcome nutrient 
starvation but also simultaneously cope with other host defenses, such as the oxidative 
burst of neutrophils and other immune cells [52]. Bacteria defend themselves from the 
oxidative burst by numerous mechanisms, including enzymes such as superoxide 
dismutases (SODs) that detoxify the damaging reactive oxygen species with which they 
are bombarded [5, 25, 36, 60]. The activating metal cofactor divides the SOD enzymes 
into several families, with the most common amongst bacteria belonging to a single 
protein superfamily, which utilizes either Mn or Fe as cofactor. It has proven 
exceptionally difficult to predict which metal is utilized by a given Mn/Fe-dependent 
SOD [5, 57], in part due to the fact that Fe- and Mn-SODs coordinate their metal cofactor 
using the same protein ligands within an identical protein fold [43, 57]. This structural 
similarity also enables both Fe- and Mn-SODs to bind the other, non-cognate metal, but 
this usually results in an inactive enzyme; most members of this protein family are 
strictly dependent on their cognate metal for catalysis [7, 10, 43, 57]. Notably, a subset of 
the Mn/Fe-dependent SOD family is active when loaded with either Fe or Mn [16, 17, 22, 
34, 38, 40, 42, 62, 69]. While these ‘cambialistic’ SODs are present in a diverse group of 
microbes, analysis of their activity has largely been limited to in vitro studies, limiting 
our understanding of how cambialism benefits microbes and the contribution of these 
enzymes to colonization of the host. 
 S. aureus possesses two SODs, SodA and SodM, both of which are cytoplasmic 
and are reported to be Mn-dependent [11, 27, 65]. While all staphylococci possess SodA, 
SodM is unique to S. aureus [64]. Highlighting their importance to virulence, loss of 
either SodA or SodM in a skin model of infection or loss of both SODs in a systemic 
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mouse model, reduces the ability of S. aureus to cause disease [27, 28]. However, a 
molecular explanation for the advantage that S. aureus gains by expressing two 
apparently Mn-dependent SODs is unknown. Host-imposed Mn starvation mediated by 
CP reduces total staphylococcal SOD activity, both in culture and during infection, which 
renders S. aureus more sensitive to oxidative stress and neutrophil-mediated killing [15, 
28, 30]. Yet paradoxically, the simultaneous loss of both SodA and SodM renders S. 
aureus more sensitive to CP [28], indicating that SodA and/or SodM somehow enhance 
the ability of S. aureus to resist metal starvation.  
Given the importance of the two staphylococcal SODs to infection, we have 
elucidated their respective contributions to resisting oxidative stress and nutritional 
immunity. This analysis revealed that SodA is important for resisting oxidative stress and 
infection when Mn is abundant, whereas SodM is important under Mn-deplete 
conditions. Our data demonstrate that SodM is in fact cambialistic, possessing equal 
enzymatic activity when loaded with Mn or Fe. We propose that the ability of SodM to 
utilize Fe enables S. aureus to retain SOD activity when starved of Mn by the host, 
thereby enhancing the ability of the bacterium to overcome nutritional immunity, resist 
oxidative stress, and ultimately cause infection.  
 
RESULTS 
Mn availability differentially regulates the expression of the S. aureus SODs 
 Several prior studies have examined the impact of Mn availability on the 
expression of SodA and SodM; however, different conclusions were reached [4, 11, 27]. 
In light of this ambiguity, we initially assessed the impact that CP and oxidative stress 
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have on sodA and sodM expression. When normalized to optical density in order to 
account for differences in growth, high levels of sodA transcription were observed 
regardless of whether CP was present (Fig. 1A), whereas the presence of CP enhanced 
sodM expression independent of the presence of oxidative stress (Fig. 1B). These results 
indicate that sodM, but not sodA, is induced in response to Mn or Zn limitation. To 
clarify which metal gave rise to this effect, we used mutant CP variants that lack either 
the Mn/Zn site (∆Mn/Zn site mutant, which does not bind Mn) or the Zn site (∆Zn site 
mutant, which binds both Mn and Zn) [15]. As expected, neither mutant induced the 
expression of sodA (Fig. 1C). The increased expression of sodM observed with wild type 
(WT) CP is lost in the presence of the ∆Mn/Zn site mutant, but not the ∆Zn site mutant, 
indicating that sodM is induced in response to Mn limitation (Fig. 1D).  
We also evaluated the impact of oxidative stress on the expression of the SODs 
using the superoxide-generating compound paraquat (PQ). Similar to previous studies 
[27], PQ induced the expression of sodA in metal-replete media (Fig. 1A). However, PQ 
did not alter the induction of expression of sodM observed with CP (Fig. 1B), nor did it 
change the sodA and sodM expression pattern observed with the ∆Mn/Zn or ∆Zn site 
mutants (Fig. 1E & F). Cumulatively, these observations suggest that the expression of 
SodM increases when S. aureus is Mn-limited regardless of level of oxidative stress 
experienced by S. aureus. 
 
The activity of the staphylococcal SODs does not correlate with gene expression  
 The propensity of Mn/Fe-SODs to acquire the wrong metal can result in 
discordance between expression levels and enzymatic activity [3]. In order to determine 
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if SodA and SodM activity correlated with expression, total and individual SOD activity 
were assessed in the presence and absence of CP and PQ. Consistent with prior results, 
CP significantly reduced total staphylococcal SOD activity [28] (Fig. 2.3). In the absence 
of CP, the predominant activity comes from SodA (Fig. 2.2A & B). The presence of the 
SodA/SodM heterodimer [11, 65] indicates that SodM is present in Mn-replete media, 
although the SodM homodimer’s activity is barely detectable in the gel. In the presence 
of CP, the relative contribution of SodA to total SOD activity decreased while that of 
SodM increased (Fig. 2.2A & B). Notably, not only did the fractional contribution of 
SodM change, the absolute level of SodM activity also increased (Fig 2.2A & 2.3C). 
Consistent with prior studies, the addition of PQ increased total staphylococcal SOD 
activity [28] (Fig. 2.3A). However, the addition of PQ did not change the impact that Mn 
availability had on the relative contributions of SodA and SodM to total staphylococcal 
SOD activity (Fig. 2.2B, 2.3B & 2.3C). Together, these results indicate that in Mn-replete 
environments SodA is the primary source of SOD activity but SodM becomes the 
predominant SOD when S. aureus experiences Mn starvation. 
 
SodA and SodM differentially contribute to resisting oxidative stress based on Mn 
availability 
 To test the respective contribution of each SOD to resisting Mn starvation, the 
ability of ∆sodA and ∆sodM single mutants, as well as a ∆sodA∆sodM double mutant, to 
grow in the presence of CP was assessed. Similar to previous results [27, 28], 
∆sodA∆sodM was profoundly more sensitive to CP and PQ than wild type (Fig. 2.4A & 
B), while ectopic expression of either SodA or SodM reversed this sensitivity (Fig. 2.5). 
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In the absence of PQ, ∆sodA grew as well as wild type S. aureus in both the presence and 
absence of CP (Fig. 2.4A), whereas the ∆sodM mutant, although it did not reach 
significance, displayed consistent reduced growth relative to wild type at high levels of 
CP (Fig. 2.4A). Given the role of SodA and SodM in detoxifying superoxide, we also 
evaluated the impact of Mn availability on the ability of ∆sodA and ∆sodM to resist 
oxidative stress. Consistent with the activity analysis and its reported role as the primary 
SOD expressed by S. aureus [11, 27], loss of SodA resulted in increased sensitivity to PQ 
in the absence of CP (Fig. 2.4B). However, at high concentrations of CP ∆sodA was no 
more sensitive to PQ than wild type S. aureus (Fig. 2.4B). When compared to ∆sodA, the 
impact that CP had on the sensitivity of ∆sodM to oxidative stress was reversed; the 
∆sodM mutant was no more sensitive to PQ than wild type bacteria in the absence and 
presence of low concentrations of CP, but the mutant was significantly more sensitive at 
high concentrations (Fig. 2.4B). Notably, in the presence of intermediate CP 
concentrations in which both SodA and SodM are active, neither ∆sodA nor ∆sodM is 
more sensitive than WT S. aureus to oxidative stress. Utilization of the CP metal-binding 
site mutants revealed that both in the presence and absence of PQ, the increased 
sensitivity of ∆sodM is due to Mn sequestration (Fig. 2.4C & D, 2.5C & D). 
Cumulatively, these results indicate that in Mn-replete environments SodA is primarily 
responsible for protecting S. aureus from oxidative stress, whereas SodM is critical for 
protecting S. aureus from oxidative stress in Mn-deplete environments. They also suggest 
that SodM promotes resistance to nutritional immunity by facilitating the retention of 
SOD activity and resistance to oxidative stress. 
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SodM is cambialistic 
 Paradoxically, our results indicate that the reportedly Mn-dependent enzyme 
SodM promotes resistance to host-imposed Mn starvation. In light of these observations, 
we analyzed the metal specificities of recombinant SodA and SodM. To facilitate these 
studies, the SODs were expressed in and purified from E. coli grown in iron-replete 
media. Following expression in E. coli and consistent with negligible Mn accumulation 
by E. coli in the absence of oxidative stress [3], inductively coupled plasma mass 
spectrometry (ICP-MS) analysis revealed that both of the purified recombinant 
staphylococcal SODs were loaded with Fe when recovered from the heterologous host 
(Fig. 2.6). Substantial activity was observed with purified Fe-SodM (210 +/- 21 U/mg 
protein), but negligible activity was detected from Fe-SodA (4 +/- 1 U/mg). Each of the 
recombinant proteins were denatured in the presence of metal chelators and then refolded 
in the presence of Mn in vitro, with successful elimination of Fe and loading with Mn 
confirmed by ICP-MS (Fig. 2.6). Enzymatic analysis revealed that the Mn-SodA form 
has substantial activity (1594 +/- 81 U/mg) in contrast to the Fe form. Surprisingly, Mn-
SodM was also active (215 +/- 21 U/mg) and to a degree similar to that of the Fe-SodM, 
although both forms display activity substantially lower than that of Mn-SodA. The 
comparable activity of the Mn- and Fe- loaded forms of SodM indicate that it is not Mn-
dependent, as previously suggested, but cambialistic [65]. 
 
Cambialism enables SodM to retain activity when S. aureus is Mn-starved 
 The cambialistic properties of SodM raise the possibility that in Mn-deficient 
conditions, including those induced by the presence of CP, Fe-loaded SodM 
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predominates in the cell. We took advantage of the fact that Fe-dependent SODs can be 
selectively inactivated by hydrogen peroxide to evaluate if both the Mn- and Fe-loaded 
forms of SodM are present in S. aureus [7]. For these experiments, SodM was expressed 
from a plasmid in ∆sodA∆sodM and SOD activity was assessed following growth in Fe- 
and Mn-replete media. Control experiments using purified protein confirmed that the Fe-
loaded form of SodM, but not the Mn-loaded forms of SodA or SodM, is sensitive to 
peroxide poisoning (Fig. 2.2A). Consistent with prior studies [65], following growth in 
Mn-replete media SodM activity was not affected by peroxide indicating that the protein 
is loaded with Mn. However, when grown in Fe-replete media SodM activity was 
sensitive to hydrogen peroxide, indicating that it was Fe-loaded (Fig. 2.7). These results 
indicate that in S. aureus SodM can be active with either Mn or Fe. CP has been observed 
to bind Fe2+, although it is unclear if this binding contributes to antimicrobial activity [30, 
45]. As such, it raises the possibility that when exposed to CP S. aureus may be incapable 
of populating SodM with Fe. To evaluate the metallation state of SodM, lysates from 
cells cultured in the presence of CP were treated with H2O2 and assayed for SOD activity. 
In the absence of CP there was no reduction in activity associated with the heterodimer 
following peroxide treatment indicating that SodM is loaded with Mn. However, in the 
presence of CP, peroxide treatment eliminated almost all SodM activity, indicating that it 
is loaded with Fe (Fig. 2.2A). Oxidative stress did not change the metal that was 
associated with SodM in both the presence and absence of CP (Fig. 2.3B). Cumulatively, 
these observations suggest that the cambialistic nature of SodM enables S. aureus to 
resist host-imposed Mn starvation by facilitating the retention of SOD activity.  
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SodM enhances the ability of S. aureus to resist Mn starvation during infection 
 In order to evaluate if SodA or SodM differentially contribute to pathogenesis 
based on Mn abundance during infection, we took advantage of the difference in Mn 
availability in wild type and CP-deficient mice [13]. Initially, the respective contributions 
of SodA and SodM to systemic disease in wild type C57BL/6 mice, in which the 
staphylococcal abscess is devoid of Mn, was assessed. In wild type mice, infection with 
∆sodA resulted in a modest, but not significant, reduction in bacterial burden when 
compared to wild type S. aureus. In contrast, in wild type mice infected with ∆sodM there 
was a significant reduction in bacterial burden relative to wild type S. aureus (Fig. 2.8), 
indicating that in the absence of Mn, SodM is critical for staphylococcal infection. Next, 
we infected CP-deficient mice, which fail to sequester Mn from staphylococcal liver 
abscesses [13]. Consistent with prior results, higher bacterial burdens were recovered 
from CP-deficient mice (C57BL/6 S100A9-/-) than wild type C57BL/6 mice infected 
with wild type S. aureus [13] (Fig. 2.8). CP-deficient mice infected with ∆sodA had 
significantly reduced bacterial burdens when compared to wild type S. aureus. This result 
contrasts with CP-deficient mice infected with ∆sodM, which had bacterial burdens 
comparable to that of those infected with wild type S. aureus. In total, these observations 
indicate that SodA, but not SodM, contributes to staphylococcal disease when Mn is 
abundant. They also support the hypothesis that SodM contributes to the ability of S. 






 During infection the innate immune system combats invading microbes by 
restricting the availability of the essential nutrient Mn [13, 28, 29]. At the same time, S. 
aureus and other pathogens must also overcome other host defenses including the 
oxidative burst of immune cells [52]. Accomplishing this latter task is made more 
challenging, as host-imposed Mn starvation inactivates bacterial Mn-dependent SODs 
[28]. The current investigations revealed that the possession of a cambialistic SOD 
enables S. aureus to counter these dual host threats both in culture and during infection. 
This strategy represents an entirely new mechanism for resisting host-imposed Mn 
starvation and establishes that cambialistic SODs contribute to bacterial pathogenesis.  
The Fe/Mn superfamily of SODs is widely distributed in Bacteria, Archaea, and 
Eukaryotes. Members of this family are generally thought to be reliant on either Mn or Fe 
for catalytic activity [10, 47, 57]. However, since the 1980s, predominantly in vitro 
analyses have suggested that a subset of these enzymes, termed cambialistic SODs, are 
capable of using both Fe and Mn, [22, 34, 40, 42, 62, 69]. Cambialistic SODs have been 
reported in both Gram-positive and Gram-negative bacteria, including the human 
pathogens Porphyromonas gingivalis, Streptococcus pneumoniae, and Streptococcus 
mutans and suggested to be present in other microbes including Bacteroides fragilis, and 
Bacteroides thetaiotaomicron [16, 17, 20, 22, 34, 38, 40, 42, 44, 49, 61, 62, 69]. 
However, the lack of detailed in vivo studies and the fact that many cambialistic SODs 
have greater activity when loaded with one or the other cofactor in vitro has resulted in 
skepticism regarding the importance of cambialism [17, 40, 42, 62, 69]. As such, a false 
dichotomy exists that members of the Fe/Mn SOD family must use either Mn or Fe but 
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not both. This dichotomy has led to confusion over the biologically relevant metal 
utilized by several bacterial SODs, especially given the difficulty in predicting the 
cofactor utilized by this family of enzymes using bioinformatics [57]. The observation 
that SodM has equal activity with either Mn or Fe in vitro, can be activated with both 
metals in vivo, and promotes resistance to nutritional immunity during infection 
establishes a clear and important role for cambialistic SODs in facilitating resistance to 
host defenses. Given the ubiquity of CP and host-imposed metal starvation during 
infection, it seems likely that expression of a cambialistic SOD would provide a benefit 
to other pathogens as well. Cambialistic SODs are also found in a diverse collection of 
environmental microbes [34, 38, 62, 69], suggesting cambialism may represent a 
generalized strategy used by organisms to maintain a defense against superoxide in 
niches where Fe and Mn availability can fluctuate. 
While metal-dependent mononuclear enzymes have historically been thought to 
utilize a specific cofactor, it has become apparent that there can be significant plasticity 
in the metal cofactor they can utilize, particularly in the case of Mn- and Fe-utilizing 
enzymes [2]. In response to peroxide stress E. coli and many other pathogens sequester 
intracellular Fe and increase the expression of Mn importers, which in turn leads to 
accumulation of this metal [2, 26, 31]. In E. coli, this action results in Fe-utilizing 
enzymes, such as ribulose-5-phosphate 3-epimerase, becoming populated with Mn [2, 58, 
59]. This change in cofactors enables E. coli to both maintain enzymatic activity and 
prevent Fenton chemistry-induced damage, which can arise from the interaction of Fe2+ 
with oxidants [2, 58, 59]. Notably, in many Fe-centric organisms, including E. coli, 
Salmonella typhimurium, and Yersinia pestis, Fe starvation increases the expression of 
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Mn uptake systems and the accumulation of Mn [24, 26, 48, 50]. In addition to enabling 
bacteria to activate Mn-dependent isozymes [39], the increased Mn levels may also allow 
them to replace Fe with Mn in non-redox enzymes. These observations in conjunction 
with our findings suggest that populating metalloenzymes with an alternative yet 
catalytically active metal may be a general strategy used by bacteria to survive when a 
specific metal is limiting. While specific examples for metals other than Fe and Mn are 
currently lacking, conceptually this cofactor plasticity may enable microbes to maintain 
critical metabolic processes when limited for other essential metals. 
Amongst the staphylococci, S. aureus is the most pathogenic species and the only 
one that expresses two SODs [11, 27, 64, 65], with SodM presumably being gained 
through duplication and subsequent divergence. However, the advantage that S. aureus 
gains by expressing two Mn-dependent SODs, which are 75% identical at the level of 
their primary sequence, had not been apparent. Our current studies found that SodM is 
induced by CP-imposed Mn-starvation. The observation that SodM is cambialistic and 
enables S. aureus to maintain SOD activity when Mn starved by the host provides a 
rationale for its acquisition. It also suggests a model in which the Mn-dependent SodA is 
important during the initial colonization of a tissue, while SodM becomes important later 
during infection following the imposition of Mn starvation by the host immune response. 
Notably, S. aureus is not the only pathogen to express multiple superoxide dismutases 
that initially appear to be functionally redundant in culture, but upon subsequent analysis 
possesses properties that enhance fitness in the context of pathogenesis [19, 53]. For 
example, a second Cu/Zn SOD expressed by some Salmonella is protease-resistant and 
binds to peptidoglycan, which enables it to retain activity and promote survival within the 
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phagolysosome [53]. Cumulatively, these observations and our results emphasize the 
importance of evaluating the contribution of apparently redundant SODs to resisting 
oxidative stress in the context of the other stressors that an organism encounters within its 
ecological niche. 
The antimicrobial activity of CP is generally thought to be mediated by the 
sequestration of Mn2+ and Zn2+ [13, 15, 21]. However, CP was recently shown to bind 
Fe2+, resulting in the suggestion that Fe restriction is a primary driver of its antimicrobial 
activity [45]. Notably, CP does not bind Fe3+, the ionic state that exists in oxidizing 
environments such as sites of infection [13, 15, 45]. Additionally, several experimental 
lines of evidence suggest that Mn limitation contributes to the antimicrobial activity of 
CP both in culture and during infection. In both Acinetobacter baumannii and S. aureus, 
CP reduces intracellular Mn but not Fe levels [23, 51]. The current observation that S. 
aureus replaces Mn in SodM with Fe even in the presence of concentrations of CP 
approaching 1 mg/ml further supports the idea that in culture CP is not imposing Fe 
limitation on S. aureus. Furthermore, in wild type mice loss of MntABC and MntH, the 
two Mn importers expressed by S. aureus, results in a substantial reduction in virulence; 
however, this defect is completely reversed in CP-deficient mice [30]. The observation 
that SodM is critical for infection in wild type but not CP-deficient mice further supports 
the idea that Mn but not Fe sequestration by CP contributes to controlling infection. 
Perhaps not surprisingly, given the myriad of high affinity staphylococcal Fe acquisition 
systems [56], it also suggests that during infection S. aureus more successfully competes 
with the host for Fe than Mn. Cumulatively, these findings strongly support, at least in 
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the case of S. aureus and A. baumannii, that Mn and not Fe sequestration significantly 
contributes to the antimicrobial activity of CP. 
Antibiotic resistance is a serious and growing threat to human health, with 
multiple agencies calling for the development of new approaches to treat bacterial 
infections [9, 46]. Understanding how pathogens overcome innate immune defenses has 
the potential to reveal new opportunities for therapeutic intervention. Our studies reveal a 
new mechanism by which bacteria can overcome a two-pronged attack by the host. They 
also clearly demonstrate a role for cambialism in resisting nutritional immunity and 
bacterial pathogenesis. Moreover, these results provide newfound importance for a 




 All animal work was approved by the Vanderbilt University Institutional Animal 
Care and Use Committee (protocol #M1600123) and was performed in accordance with 
United States Public Health Service Policy on Humane Care and Use of Laboratory 
Animals and the US Animal Welfare Act. 
 
Bacterial strains 
 Staphylococcus aureus strain Newman was used unless otherwise indicated. All 
strains and plasmids used in this study are listed in Table 1 and 2. S. aureus was routinely 
grown in tryptic soy broth (TSB) and on tryptic soy agar plates (TSA), while E. coli was 
routinely cultivated in Luria Broth (LB) and on Luria agar plates. Both species were 
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grown at 37 °C. As needed for plasmid maintenance or gene inductions, 10 µg/ml of 
chloramphenicol, 50 µg/ml kanamycin, 100 µg/ml ampicillin, or 10 ng/ml of 
anhydrotetracycline was included in the media used. All strains were stored at -80 °C in 
media containing 30% glycerol.  
 
Construction of staphylococcal mutants and plasmids 
 The ∆sodA and ∆sodM mutants were created via Phi85 transduction of the 
sodA::tet and sodM::erm alleles from RN6390 [65]. The staphylococcal SodA and SodM 
expression constructs were created by amplifying sodA and sodM using the primers 
indicated in Table 3 and then cloning these fragments into the anhydrotetracycline-
inducible plasmid pRMC2 [14]. To generate the YFP reporter plasmids the promoters for 
sodA and sodM were amplified with the primers listed in Table 3 and then cloned using 
standard techniques into pAH5 [37]. To generate the promoterless YFP construct pAH5 
was digested with PstI and KpnI to remove the existing promoter, blunted and then self-
ligated. 
 
CP growth assays 
 Calprotectin growth assays were performed largely as previously described [15, 
30], with the exception that overnight cultures were performed in Chelex-treated RPMI + 
1% casamino acids (NRPMI) supplemented with 1 mM MgCl2, 100 µM CaCl2, and 1 µM 
FeCl2. These cultures were diluted 1:100 into 100 µl of culture medium in a 96-well 
round-bottom plate and incubated at 37 °C and with shaking at 180 rpm. The culture 
medium consisted of 38% TSB and 62% CP buffer (3 mM CaCl2, 20mM Tris base, and 
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100 mM NaCl, 10 mM β-mercaptoethanol, pH 7.5) supplemented with 1 µM MnCl2 and 
1 µM ZnSO4. Where indicated 0.1 mM PQ was added to the media. The same growth 
conditions were utilized for the expression studies. For both growth and expression 
assays, optical density (OD600) and fluorescence was assessed after 8 hrs of growth. 
 
SOD activity  
 Total and individual superoxide dismutase (SOD) activity were assayed using a 
water-soluble tetrazolium salt assay and a gel-based nitro blue tetrazolium assay, 
respectively, as previously described [28, 41]. For both assays, the bacteria were grown 
as for the CP assays and harvested in exponential phase (OD600 of ~ 0.3-0.35). The cells 
were collected and then resuspended in 0.5 mM KPO4 buffer at pH 7.8 with 0.1 mM 
EDTA [3]. The bacteria were then lysed via mechanical disruption and centrifuged to 
remove insoluble material. The protein concentration in the cell lysate was determined 
via BCA assay (Pierce). Total SOD activity was assessed using the SOD Assay Kit 
(Sigma-Aldrich), per the manufacturer’s instructions. To evaluate the individual activity 
of each SOD, the cell lysates were normalized to total protein concentration and resolved 
on 10% native polyacrylamide gel. The gels were incubated in buffer containing 0.05 M 
potassium phosphate pH 7.8, 1 mM EDTA, 0.25 mM nitro blue tetrazolium chloride, and 
0.05 mM riboflavin and then exposed to light, as previously described [41]. To evaluate 
if SOD activity was due to iron-loading, prior to assessing activity the gels were 
incubated with 20 mM H2O2 or water for 20 minutes. Gels were imaged using a BioRad 
imager Universal Hood II and the fractional distribution of SOD activity was determined 
using the BioRad Quantity One software. 
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Cloning of the sodA and sodM genes for heterologous expression 
 The sodA and sodM genes were amplified by PCR from S. aureus genomic DNA 
using Pfu polymerase (NEB) and the primer pairs sodA_for and sodA_rev and sodM_for 
and sodM_rev, respectively, which incorporated 5’ NdeI and 3’ BamHI restriction sites. 
PCR products were A-tailed with Taq polymerase (NEB) and cloned into the pGEM-T 
vector (Promega) to yield pGEM-T-sodA and pGEM-T-sodM, respectively. An internal 
NdeI site in the sodM sequence was silently mutated by site-directed mutagenesis using 
the primer pair sodMqc1_for and sodMqc1_rev to yield pGEM-T-sodMqc. The genes 
were sub-cloned through NdeI/BamHI (NEB) digestion of the pGEM-T constructs, 
purification of the gene inserts by agarose gel electrophoresis, and subsequent ligation 
into NdeI/BamHI-digested pET29a vector (Novagen) to yield pET29a-sodA and pET29a-
sodM constructs. Both pET29a constructs were sequenced (GATC Biotech, Germany). A 
sequence error detected in pET29a-sodM (deletion of base A570) was subsequently 
corrected through site-directed mutagenesis using primers sodMqc2_for and 
sodMqc2_rev, and the final construct confirmed through sequencing. 
 
Expression, purification and quantification of recombinant SodA and SodM 
 The pET29a-sodA and pET29a-sodM constructs were transformed into 
Escherichia coli BL21 (λDE3) cells and selected on LB agar plates containing 50 µg/ml 
kanamycin. For each cell type, cells were inoculated into M9 medium containing 10 µM 
FeSO4 and 50 µg/ml kanamycin and cultured overnight at 37 ºC with 180 rpm orbital 
shaking. This overnight culture was used to inoculate 1 L M9 medium containing 10 µM 
FeSO4 and 50 µg/ml kanamycin, cultured at 37ºC with 180 rpm orbital shaking. At OD600 
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~0.5, protein expression was induced by addition of 1 mM isopropyl β–D-1-
thiogalactopyranoside (IPTG) plus a further 20 µM FeSO4 and incubation for 4 h under 
the same conditions. Cells were harvested by centrifugation (20 min, 4,000 g, 4 ºC), 
washed in 20 mM Tris(hydroxymethyl)aminomethane (Tris), pH 7.5, 10 mM 
ethylenediaminetetraacetic acid (EDTA), followed by a further wash in 20 mM Tris, pH 
7.5, 150 mM NaCl and stored at -20 ºC. 
Cells were resuspended in 20 mM Tris, pH 7.5 and lysed by sonication (6 x 10 s, 
with 1 min intervals, on ice) and the lysate clarified by centrifugation (20 min, 19,000 g, 
4 ºC). The soluble lysate was loaded onto a 5 ml HiTrap Q HP anion exchange 
chromatography (AEC) column (GE Healthcare), the column was washed with 5 column 
volumes (CV) of buffer (20 mM Tris, pH 7.5), followed by elution with a 9 CV linear 
NaCl gradient (0-1 M NaCl) in the same buffer, collecting 2 ml fractions, using an Äkta 
fast performance liquid chromatography (FPLC) system (GE Healthcare). Fractions were 
analyzed for protein by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). SodA eluted from AEC at ~230 mM NaCl, whereas SodM eluted at ~248 mM 
NaCl. Aliquots (1 ml) of the peak AEC fractions containing the recombinant protein were 
further purified using the Äkta FPLC by size exclusion chromatography (SEC) on a 
Superdex 200 16/60 column (GE Healthcare), resolved in 20 mM Tris, 150 mM NaCl, 5 
mM EDTA, pH 7.5 at 1 ml/min, collecting 2 ml fractions. 
Concentrations of purified recombinant SodA and SodM were determined from 
A280nm measurements, using the empirically determined extinction coefficients (ε280nm) of 
62,681 M-1 cm-1 for SodA and 64,949 M-1 cm-1 for SodM, each derived from quantitative 
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amino acid analysis (Alta Bioscience, UK). The metal content of the purified proteins 
was assessed by ICP-MS, as described below.  
 
Unfolding and refolding of recombinant SOD proteins 
 To reconstitute recombinant SodA and SodM, which contained primarily Fe when 
purified from E. coli, with exclusively Mn they were unfolded and refolded in excess Mn, 
as previously described [32], with modifications. Unfolding was performed in 2.5 M 
guanidine hydrochloride, in the presence of 5 mM EDTA and 20 mM 8-
hydroxyquinoline to remove bound metal ions, followed by refolding through several 
rounds of dialysis against 20 mM Tris, 100 mM NaCl, 10 mM MnCl2, pH 7.5, to yield 
protein containing exclusively manganese. To analyze the bound metal, aliquots of each 
purified protein (~2 mg in 0.5 ml) were resolved on a Superdex 200 Increase 10/30 
column (GE Healthcare) in 20 mM Tris, 150 mM NaCl, 5 mM EDTA, pH 7.5, resolved 
at 0.75 ml/min and collecting 0.5 ml fractions using the Äkta FPLC. Eluant fractions 
were analyzed for protein by A280nm and by SDS-PAGE, for elemental composition by 
ICP-MS, and for enzyme activity by in-gel activity assay. 
 
Elemental analysis by inductively coupled plasma mass spectrometry 
 For elemental analysis via ICP-MS, protein-containing samples were diluted 50-
fold into a solution of 2.5% HNO3 (Suprapur, Merck) containing 20 µg/l Co and Pt as 
internal standards. Matrix-matched elemental standards (containing analyte metal 
concentrations of 0 – 500 µg/L) were prepared by serial dilution from individual metal 
standard stocks (VWR) with identical solution compositions, including the internal 
	 56	
standard. All standards and samples were analyzed by ICP-MS using a Thermo x-series 
instrument operating in collision cell mode (using 3.0 ml/min flow of 8% H2 in He as the 
collision gas). Isotopes 55Mn, 56Fe, 59Co, 66Zn, and 195Pt were monitored using the peak-
jump method (100 sweeps, 20-30 ms dwell time on 3-5 channels per isotope, separated 




 Nine-week-old female black C57BL/6 and CP -/- (C57BL/6 S100A9-/-) mice 
were infected using a retro-orbital infection model [13, 28, 30]. Livers were harvested 
and homogenized 96 hours post-infection. Serial dilutions were then plated and counted 
for colony forming units.  
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FIGURES AND TABLES 
 
 
Figure 2.1. Expression of sodA and sodM varies by Mn availability. S. aureus 
carrying (A, C, & E) pSodA and (B, D, & F) pSodM YFP reporter constructs were grown 
in the presence of either wild type CP (A-F), the ΔMn/Zn site mutant (C-F), or the ΔZn 
site mutant (C-F), and in the (A, B, E, & F) presence or  absence of 0.1 mM PQ. 
Expression data are normalized to growth. Error bars indicate SEM (n = 3 or more). (A & 
B) # = p <0.05 via two-way ANOVA with Tukey’s post-test for the indicated 
comparison. * = p <0.05 via two-way ANOVA with Tukey’s post-test relative to bacteria 
grown in the presence of paraquat without CP. ^ = p <0.05 via two-way ANOVA with 
Tukey’s post-test relative to bacteria grown in the absence of both paraquat and CP (C-F) 





Figure 2.2. SodM is the predominant source of SOD activity in Mn-deplete 
environments. Wild type S. aureus was grown in various concentrations of CP in the (A 
& B) absence and (B) presence of 0.1 mM PQ, and both (A) the individual activities of 
the SODs and (B) the fractional contribution of SodA and SodM to total SOD activity in 
cell lysates (5.17 µg of total protein) was determined. The lower gel was treated with 
hydrogen peroxide prior to assessing SOD activity to inactivate Fe-containing SODs. 
Purified recombinant SodA and SodM (0.3 µg), loaded with either Mn or Fe, were 





Figure 2.3. SodM is the predominant source of SOD activity in Mn-deplete 
environments regardless of oxidative stress. Wild type S. aureus and ΔsodAΔsodM 
were grown in the presence of CP, in the presence and (A & B) absence of 0.1 mM PQ 
and (A) total SOD activity and (C) the individual contributions of SodA and SodM to 
SOD activity were determined (n = 3). (B) In-gel analysis of the individual activities of 
SodA and SodM following growth in the presence of CP and PQ. Hydrogen peroxide 
treatment was used to inactivate Fe-containing SODs. The experiment was repeated 3 
times and representative gels are shown. * = p <0.05 relative to no CP via two-way 







Figure 2.4. SodM is required to resist CP-imposed Mn starvation. Wild 
type, ΔsodA, ΔsodM and ΔsodAΔsodM S. aureus were grown in the presence of 
increasing concentrations of (A & B) WT CP, (C) the ΔMn/Zn site mutant, or (D) the 
ΔZn site mutant in the (A) absence and (C-D) presence of 0.1 mM PQ. Growth was 
assessed by measuring optical density (OD600). * = p<0.05 relative to wild type at the 
same concentration of CP via two-way ANOVA with Dunnett’s post-test. Error bars 




Figure 2.5. Contribution of SodA and SodM to resisting oxidative stress and metal 
limitation. (A & B) The ∆sodA∆sodM mutant expressing either SodA or SodM from a 
plasmid was grown in various concentrations of CP in the (A) absence and (B) presence 
of 0.1 mM PQ. Growth (OD600) was measured after 8 h. * = p <0.05 relative to WT 
containing empty vector via two-way ANOVA with Dunnett’s post-test. Error bars 
indicate SEM (n=3 or more). (C-D) Wild type S. aureus, ΔsodA, ΔsodM, and 
ΔsodAΔsodM were grown in the presence of various concentrations of (C) the ∆Mn/Zn 
site CP mutant or (D) the ∆Zn site mutant in the absence of PQ. * = p <0.05 relative to 
wild type at the same concentration of CP via two-way ANOVA with Dunnett’s post-test. 





Figure 2.6. Elemental analysis of purified and remetallated SodA and SodM. 
Aliquots (~2 mg in 0.5 ml) of purified recombinant (A) SodA and (B) SodM were 
resolved by analytical size exclusion chromatography and eluant fractions (0.5 ml) were 
analyzed for protein by A280nm (black), and for manganese (blue) and iron (red) content 
by ICP-MS. Both proteins contained exclusively iron when purified from the 
heterologous host. Each protein was then unfolded, stripped of iron, and refolded in the 
presence of manganese. The resulting proteins were analyzed identically, and the 
refolded (C) SodA and (D) SodM were found to contain exclusively manganese. (E) Each 
of the four resulting samples (Fe-SodA, Fe-SodM, Mn-SodA and Mn-SodM) were 
subjected to protein analysis by SDS-PAGE, and to both in-gel and spectrophotometric 





Figure 2.7. SodM can be metallated with either Mn or Fe in S. aureus. The S. aureus  
ΔsodAΔsodM mutant expressing SodM from a plasmid was grown in NRPMI 
supplemented with either 1 µM FeCl2 or 1 µM MnCl2 and SOD activity was assessed in 
cell lysates (24.8 µg of total protein), with and without peroxide treatment. Peroxide 
treatment was used to inactivate Fe-containing SODs. Purified SodM (0.3 µg), loaded 
with either Mn or Fe, were included as controls. The experiment was repeated 3 times, 





Figure 2.8. SodM contributes to resisting Mn starvation during infection. Wild type 
C57BL/6 (C57) and C57BL/6 S100A9-/- (CP-/-) mice were infected with either wild 
type, ΔsodA or ΔsodM S. aureus. Mice were sacrificed 96 h after infection, and bacterial 




Table 2.1. Strains used in this study. 
Strain Description Reference 
Wild type S. aureus Newman  
∆sodA S. aureus Newman sodA::tet This Study 
∆sodM S. aureus Newman sodM::erm This Study 
∆sodA∆sodM S. aureus Newman sodA::tet sodM::erm [28] 
WT pRMC2 S. aureus Newman carrying pRMC2 This study 
∆sodA∆sodM pRMC2 ∆sodA∆sodM carrying pRMC2 This study 
∆sodA∆sodM pRMC2-sodA ∆sodA∆sodM carrying pRMC2-sodA This study 
∆sodA∆sodM pRMC2-sodM ∆sodA∆sodM carrying pRMC2-sodM This study 
WT pEmpty S. aureus Newman carrying pAH5-empty This study 
WT pSodA S. aureus Newman carrying pAH5-psodA This study 
WT pSodM S. aureus Newman carrying pAH5-psodM This study 
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Table 2.2. Plasmids used in this study. 
Plasmid Description Reference 
pRMC2 Anhydrotetracycline-inducible plasmid  [14] 
pRMC2-sodA sodA cloned into pRMC2 This study 
pRMC2-sodM sodM cloned into pRMC2 This study 
pAH5 YFP reporter plasmid  [37] 
pAH5-psodA pAH5 with the sodA promoter driving YFP expression This study 
pAH5-psodM pAH5 with the sodM promoter driving YFP expression This study 
pEmpty pAH5 without a promoter driving YFP expression  This study 
pET29a-sodA SodA expression vector This study 
 pET29a-sodM SodM expression vector This study 
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Table 2.3. Primers used in this study. Underlined bases represent restriction sites used for 
subcloning, and bases highlighted in bold represent mutagenized bases. 
Name Sequence 
sodA 5’ cloning: cgatagatctccagtcactgcttgttattatttacttacagac 
 sodA 3’ cloning: cagtgaattccggtctcatttaagagaccgaacaag 
 sodM 5’ cloning: cgatagatctcataaaaggaggaatatacttatggcatttaaattac 
 sodM 3’ cloning: cagtgaattcgaacaccttgtagatgctccacc 
 sodA 5’ reporter: cgatggatccgaagtttatggtgtatgtgagtcttgcc 
 sodA 3’ reporter: cagtggtaccaaataatcatcctcctaaaatgtctgtaag 
 sodM 5’ reporter: cgatggatccgtaccggtaatgctatactttagaaaattaag 
 sodM 3’ reporter: cagtggtaccaagtatattcctccttttatgaatatacttttataataattaatttcg 
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CHAPTER 3: THE GLOBAL VIRULENCE REGULATOR SARA 
COORDINATES SODM EXPRESSION IN RESPONSE TO MANGANESE 




The Centers for Disease Control and Prevention listed S. aureus as one of the top 
threats to human health due to its increased antibiotic resistance [8], which leads to the 
need to find new therapeutic targets to treat staphylococcal infections. Apart from the 
antibiotic resistance, S. aureus also asymptomatically colonizes a third of the human 
population’s nares and can infect nearly every organ once it breaches the epithelial 
barrier [41, 59].  
As part of the host immune system, nutritional immunity is used to fight off 
bacterial pathogens, such as S. aureus. Nutritional immunity is the process whereby the 
host immune system limits pathogens for essential nutrients, such as metals to pathogens 
[18, 61]. Since metals are important cofactors in approximately 1/3 of proteins, it is an 
important method to combat invading organisms [18, 60]. The most well studied withheld 
metal is iron (Fe); however, other metals are also withheld, such as manganese (Mn) and 
zinc (Zn). A key protein in sequestering metals is calprotectin (CP), which sequesters Mn 
and Zn [7, 18, 20, 26, 28]. Further data supports the binding of Fe with CP [45]. The 
biological importance of CP binding Fe is still disputed, though, as there are data 
showing that CP binds Fe, while other work shows no evidence of S. aureus Fe-starvation 
when exposed to CP [23, 48]. As part of the innate immune system, CP is produced by 
neutrophils and comprises approximately 40-60% of the total cellular protein content of 
these cells and is found in abscesses [17]. The loss of CP during S. aureus infection leads 
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to increased bacterial burden, indicating that CP is important for controlling bacterial 
infection [18].  
During infection bacteria encounter neutrophil, and are exposed to high 
concentrations of superoxide [35, 50], a molecule that can be detrimental to the cell if not 
removed [4, 32, 52]. In order to remove superoxide, S. aureus possesses two cytoplasmic 
superoxide dismutases (SODs), SodA and SodM [16, 55]. The absence of both SODs 
leaves S. aureus vulnerable to neutrophil-mediated killing and leads to decreased 
bacterial recovery upon infection in a mouse model [33, 35]. SodA is exclusively 
manganese (Mn) dependent, while SodM is able to use either Mn or iron (Fe) [16, 23, 
55]. SodA and SodM also have differential roles in protecting S. aureus from superoxide. 
SodA provides protection in a metal-replete environment [23], while SodM is critical in 
metal-deplete environments, especially in the presence of exogenous oxidative stress 
[23]. Upon treatment with CP, SodM transcript levels increase [23].  
While SodM critically contributes to pathogenesis [23], the regulatory circuit that 
controls the expression of SodM is not fully understood. Two global transcription factors 
are known to negatively modulate expression of SodM: the alternative sigma factor SigB 
and the staphylococcal accessory regulatory A [44] [2, 33, 44]. However, there are 
discrepancies on the exact regulatory network due the disputed role that Mn plays in 
regulating SodA and SodM [2, 33]. The roles of SarA and SigB have never been 
compared in the same conditions and in the same strain. In Ballal and Manna identified 
SarA was identified as the regulator of SodA and SodM [2]. However, differing from 
Ballal and Manna, when they studied the role of Mn in regulating the SODs, they found 
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no effect. The exact relationship that SigB, SarA, and SodM have is convoluted and 
unclear.  
Despite the inconsistencies in the regulation of the SODs, SarA and SigB have 
been noted in several reports to be part of the regulatory network [2, 33]. In S. aureus, the 
alternatives sigma factor, SigB, is responsible for regulating over 220 ORFs indirectly or 
directly [5]. Alternative sigma factors play a key role in the adaptation of bacteria to 
stressful conditions [29, 31, 34, 38, 54, 62]. SarA regulates genes for virulence functions, 
such as extracellular proteins, hemolysis, and biofilm formation [13, 46]. The regulation 
of SarA is complex, as it is able to control its own expression by binding to two of its 
three promoters [12]. SigB and SarA regulons are intimately related, because SigB is a 
positive regulator of SarA when binding to the P3 promoter [6, 10, 51]. In recent years, it 
was found that SarA is post-translationally modified at a cysteine residue, and that this 
modification alters its DNA binding activity, adding yet another level of complexity to its 
regulation [21, 53]. The exact modification at the sole cysteine is still not fully known, 
and it is possible that more than one type of modification occurs at the 9th residue the sole 
cysteine site as phosphorylation and sulfhydration at this residue also impact DNA 
binding in vitro [47, 53]. The role that SarA plays to aid S. aureus in combating 
nutritional immunity is not known, but it is likely that global changes in gene expression 
are crucial for its survival.  
Given the importance of SodM in combating nutritional immunity and promoting 
the pathogenicity of S. aureus, we sought to determine how S. aureus modulates 
expression of sodM in response to nutritional immunity. In this work, it was revealed that 
SarA is the primary repressor of sodM expression and that SigB works through SarA. 
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These investigations also revealed that the activity of SarA is modulated using post-
translational modification in response to CP. In the absence of both global regulators, 
there is increased sodM expression in metal-replete environments. When SigB is no 
longer active, the activity of SodM is increased, but it remains responsive to CP-induced 
metal starvation. In the absence of SarA, it was found that SodM no longer responded to 
CP-imposed metal starvation. SarA further regulates sodM expression in response to CP-
induced with its post-translational modification, further allowing for adaptation to metal-
starved conditions. We propose that the global regulator SarA is the primary regulator of 
sodM expression and posttranslational modification allows for sodM expression in the 
absence of Mn through a yet unidentified modification.  
 
RESULTS 
The Mn-responsive expression of SodM is not dependent on known metal-sensing 
regulators 
 The role of Mn in the expression of sodM is controversial, as some studies 
indicate that Mn does play a role in regulating the expression of sodM [33], and there is 
other work indicating that it does not [2]. Previous work found that sodM expression is 
dependent on CP-induced Mn-starvation [23], suggesting that the prior observation that 
Mn availability modulated expression was correct. To further support the role of Mn-
sequestration in sodM expression a strain lacking both Mn transporters, MntH and 
MntABC, was used. In the S. aureus ∆mntC/H strain, the sodM transcription was induced 
relative to WT when no excess Mn was present. The addition of micromolar levels of Mn 
reduced the expression of sodM (Figure 1A). The use of ∆mntC/H also allows for 
distinction between internal and external Mn-limitation. As a strain deficient in both Mn-
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transport systems is unable to successfully meet its Mn requirement without Mn 
supplementation [30, 36]. Together, these observations suggest that intracellular Mn 
availability controls the regulation of sodM expression. Next, the role of Mn response 
regulator, MntR, in regulating sodM expression, was assessed using metal-replete 
medium as well as metal-deplete using CP monitoring and a sodM YFP promoter fusion 
[23]. This study revealed that there was no change in sodM expression in metal-replete in 
the mutant medium relative to WT (Figure 1B). Upon the addition of CP, there was 
induction of sodM expression in the presence of CP, which is presumptively due to the 
increased amount of Mn found in an ∆mntR mutant [30]. To test other known metal 
regulators, strains lacking the ferric update regulator (Fur) or zinc uptake regulator [37] 
[40, 64] were also assayed for sodM expression. These studies revealed that there was no 
difference relative to WT sodM expression levels in either mutant in the presence or 
absence of CP (Figure 1C & D). Cumulatively, these observations indicate that these 
known metal-response regulators whose activity could be modulated by CP do not 
control expression of sodM.  
 
SarA is responsible for increased expression of sodM in the presence of CP-induced 
Mn-starvation 
 Prior studies identified the global regulators SigB and SarA as regulators of SodM 
[2, 33]. While they are not known to respond to metal availability, the observation that 
the known metalloregulators do not modulate sodM expression led us to evaluate the 
possibility that these proteins were involved in coordinating the response to metal 
starvation. To evaluate the contribution of SarA and SigB to the contribution of sodM 
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expression a sodM a YFP promoter fusion was used. The contribution of SigB to the 
expression of sodM in Mn-replete medium was assayed. In the absence of SigB, there 
was an increase in sodM transcription when Mn-replete relative to wild type (Figure 2A). 
Loss of SigB also resulted in increased transcription of sodM in the presence of CP 
However, the response to CP-induced Mn-starvation was not eliminated (Figure 2A), 
indicating that, despite playing a role in the SodM regulatory cascade, SigB does not 
control the responsiveness to CP-induced Mn-starvation. In contrast, in the absence of 
sarA when S. aureus is Mn-replete there was also an increase in sodM transcript levels 
relative to WT (Figure 2B). Upon treatment with CP, the ∆sarA strain was no longer able 
to respond to CP-induced Mn-starvation (Figure 2B). These data support the idea that 
SarA, rather than SigB, responds to CP-induced Mn-starvation. 
 
Loss of the Global SigB and SarA increase the activity of SodM 
 In order to determine if SOD activity levels correlate with transcription level, we 
used zymogen-based gels to assay SOD activity. Consistent with our transcriptional 
assay, these studies revealed that in metal-replete medium SodM activity levels were 
higher in the ∆sarA and ∆sigB strains relative to the WT strain. In the absence of CP, the 
S. aureus WT SOD activity consisted of mostly SodA, with moderate SodA/M 
heterodimer activity (Figure 3), while in the ∆sarA strain there is activity coming from 
SodA, SodA/M, and SodM species (Figure 3). In the ∆sigB strain, there were higher 
levels of SodM activity overall, but not as high as in the ∆sarA strain (Figure 3). In the 
presence of CP, the SOD activity profile in WT is switched to predominantly SodM 
activity. In either the ∆sarA or ∆sigB strains, there was no difference in SodM activity 
	 80	
relative to WT in the presence of CP (Figure 3). As SodM is active with either Mn or Fe 
[23], the metal-loading status is unknown. In order reveal the loaded metal of SodM, 
hydrogen peroxide (H2O2) was used. We revealed that in the ∆sarA strain the absence of 
CP there was increased Mn-SodM relative to WT (Figure 3); the same was true in ∆sigB 
and for ∆sigB∆sarA strains. There was no appreciable difference in the metal-loaded 
status of SodM in the ∆sarA strain in the presence of CP relative to WT levels. The 
pattern also held true for both ∆sigB, and ∆sigB∆sarA strain in the presence of CP. The 
higher level of sodM expression led to more Mn-SodM when in Mn-replete (Figure 3). 
The alteration in expression of sodM alters the SOD activity level and metal-loaded status 
of SodM.  
 
The expression of sarA increases in response to CP-induced Mn-starvation 
 Identification of the roles of SigB and SarA in the regulatory network of SodM 
led to probing if they were the only factors that control the expression of SodM. To do 
this, a ∆sarA∆sigB strain carrying pSodM-YFP was used to assess expression levels. The 
expression levels of SodM were increased in ∆sarA∆sigB strain relative to WT (Figure 
4A), but were no longer responsive to CP (Figure 4A). At the same time, in ∆sarA∆sigB 
strain, there was equal distribution of SodA and SodM activity relative to WT strain, 
mimicking the ∆sarA strain SOD activity profile in the absence and presence of CP 
(Figure 3). To further understand the regulatory network, the activity of SigB was 
assessed in the presence of CP. As SigB is known to increase the expression of SarA, we 
would expect to see reduced SigB activity upon CP treatment. SigB tightly controls the 
expression of asp23, which allows for its use as an indicator of SigB activity [24]. In 
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metal-replete medium expression of asp23 was the same in the ∆sarA strain relative to 
WT, indicating that SarA does not impact the activity of this promoter. Additionally, as 
expected, the expression of asp23 in the background in ∆sigB was minimal (Figure 4B). 
Next, the activity of SigB was assessed in the wild type strain and the two mutants in the 
presence of CP. In both WT S. aureus and the ∆sarA strain, there was a reduction in 
asp23 expression, suggesting that SigB activity decreases in response to metal starvation. 
As SigB controls SarA, the master regulator of SodM, we would expect the expression 
levels of SarA to go down in the ∆sigB strain. In metal-replete medium, the deletion of 
SarA led to increased sarA transcript levels, which is consistent with previous work [3, 
11, 12, 15, 51]. Since SarA represses its own expression it makes sense that in its absence 
sarA promoter is more active [3, 11, 12, 15, 51]. In the ∆sigB strain, expression levels of 
sarA were decreased relative to WT and ∆sarA strain, which is consistent with previous 
work, that SigB activates sarA expression [11, 25, 51]. To test the effects of metal-
starvation on sarA expression levels, WT, ∆sarA, and ∆sigB strains were grown in the 
presence of increasing concentrations of CP. Surprisingly, this revealed that in the WT 
strain, sarA levels actually go up in the presence of increasing concentrations of CP, 
while in the ∆sarA strain, transcription from sarA promoter also increases with increases 
concentrations of CP (Figure 4C). As SarA negatively regulates expression of SodM, 
while CP induces the expression of SodM, the increased expression of sarA in the 
presence of CP is a puzzling result, as we expected sarA levels would go down as sodM 
levels go up. These observations suggest that another level of regulation controls 
expression of sodM in response to CP.  
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Post-translational modifications of SarA respond to metal limitation 
 Post-translational modifications of the 9th residue which, is the only cysteine were 
discovered in SarA [21, 47, 53]. The modification affects the activity levels of SarA by 
altering its ability to bind DNA [53]. By mutating the cysteine in SarA, the activity of 
SarA is altered. Therefore, to test the effects of these modifications of SarA on SodM, 
mutants in either repressive or nonrepressive forms were created [53]. The C9S mutation 
of SarA, enables SarA to constitutively bind DNA, while is C9E mutation decreases 
binding to DNA [53]. Overexpression construct of SarA were created, carrying either the 
wild type, repressive (C9S), or derepressive (C9E). In metal-replete medium, where 
SodM is not highly active, was used to test the activity. In metal-replete medium WT 
SarA expressed from a plasmid complements the ∆sarA mutant. When the constitutively 
DNA binding form of SarA, C9S, is expressed there is virtually no SodM activity 
detected. However, the non-DNA binding C9E allele conferred SodM activity at near WT 
levels. In the presence of CP, in WT S. aureus there is increased levels of SodM activity 
relative to the untreated sample as expected [23]. When comparing the ∆sarA strain 
carrying the empty plasmid, there was increased SodM activity than in WT with empty 
plasmid (Figure 5). When SarA was mutagenized to a repressive form (C9S), there was 
no longer any SodM activity present or responsiveness to CP-induced Mn-limitation. 
This indicates that the cysteine residue is responsible for sensing CP-induced Mn-
limitation through post-translational modification. When SarA was mutated to a non-
repressive form (C9E), SodM activity profile was returned to WT empty plasmid levels 
and did not lead to increased activity as expected. Together, these data further supports 
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the idea in which SarA is the master regulator of SodM and that the post-translational 
modifications on the cysteine residue in SarA alters SodM activity. 
 
DISCUSSION  
 In order to cause disease S. aureus must overcome the host’s immune system. 
This includes overcoming of nutritional immunity, which limits the availability of metals 
to pathogens and the oxidative burst [17, 61]. S. aureus carries a plethora of virulence 
factors to aid in its fight, amongst them is SodM [23] . The ability of S. aureus to adapt to 
the host-imposed metal limitation makes it a powerful pathogen. This study that revealed 
the regulation of the cambialistic SodM in response to metal availability uses two global 
regulators, SigB and SarA. With SigB working through SarA and the activity of SarA 
controlled via post-translational modifications. 
 The alternative sigma factor B (SigB) is distributed amongst Gram-positive 
bacteria. SigB is better studied in Bacillus subtilis [22, 27, 56-58, 63]. However, in S. 
aureus less is known about the regulatory network of SigB. In S. aureus, SigB has been 
shown to be important for responding to various stresses, such as ethanol and alkaline pH 
[25, 39]. Previous work showed that SigB plays a role in the regulatory network of the 
cambialistic superoxide dismutase, SodM [33]. In this study we found that there is more 
to the regulatory network of SodM, as SigB works by repressing expression of SodM 
through the global regulator, SarA [2]. When in the presence of CP, the activity of SigB 
is decreased, but the expression of SarA is not. The exact mechanism that controls the 
decrease in activity of SigB in the presence of CP is not completely understood. 
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 When it comes to regulation networks in S. aureus, SarA is frequently found at 
the heart of many networks [65]. The regulatory network of SodM is no exception. The 
list of genes that SarA regulates directly are extensive [9, 14, 65]. However, the effects of 
CP on a ∆sarA mutant have never been studied. In the absence of SarA, while in the 
presence of CP, revealed that the coordinated regulation of SarA alters the activity profile 
of SodM. Though this is not the first time that SarA has been showed to affect the activity 
of SodM [2], but that work also concluded that Mn played no role in regulating SodM. In 
this study it was found that not only is SarA, the main repressor of SodM, but also Mn 
levels are responsible for regulating the expression of SodM. SarA represses the promoter 
of SodM and leads to decreased activity in the presence of intracellular Mn.  
The post-translational modification of SarA adds another level of regulation. SarA 
is phosphorylated on the 9th residue a single conserved cysteine [53]. The 
phosphorylation level of SarA when S. aureus is treated with CP is unknown. The 
phosphatase and kinase, Stp1 and Stk1, were shown to control the phosphorylation of 
SarA. However, the loss of the phosphatase or kinase pair did not lead to any alteration in 
SodM expression levels (data not shown). The exact post-translational modification has 
not been found to date. The possibility of non-phosphorylation modifications such as 
sulfhydration has been brought up [47]. It is only known that in the absence of CP, SodM 
is not expressed at high levels. This, while this work revealed that SarA is responsible for 
the Mn responsiveness of sodM the exact mechanism that enables SarA to respond to Mn 
levels is still not well understood.  
 The regulatory systems in S. aureus are elaborate allowing this microbe to 
respond to the changing environments that it encounters. Two global transcriptional 
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regulators, SigB and SarA, control the regulatory network of the cambialistic SOD, 
SodM. The network controlled by SarA takes inputs from numerous entry points [11]. At 
the transcriptional level, SarA is regulated by SigB, which is down-regulated in the 
presence of CP. However, SarA activity is regulated from a single cysteine residue, 
which eliminates SodM activity when in a repressive form (Figure 3.6). The capability of 
SarA to respond to CP-induced Mn-starvation through its cysteine residue allows for 
adaptation. The use of multiple entries into the SodM regulatory network allows for 
adaptation to the harsh environments that S. aureus encounters during infection. 





 All assays used the Staphylococcus aureus Newman strain background. The 
strains used for this study are listed in Table 3.1. The plasmids used are listed in Table 
3.2. S. aureus was grown in tryptic soy agar plates (TSA) for 24 hours followed by 5 ml 
liquid culture in either tryptic soy broth (TSB) or chelex treated RPMI media at 37 °C for 
16 hours. As needed for plasmid maintenance 10 µg/ml of chloramphenicol was included 
in the media used. Strains ∆sigB, ∆sarA were constructed using transduction using Phi85. 
While ∆sarA∆sigB was constructed using Phi11 transduction of the sarA::kan allele from 
UAMS sarA::kan. All strains were stored at -80 °C in brain heart infusion (BHI) 




CP growth assays 
 CP growth assays were conducted, as previously described [23]. Overnight 
cultures were grown in Chelex-treated RPMI with 1% casamino acids with 1 mM MgCl2, 
100 µM CaCl2, and 1 µM FeSO4 (Figure 1-4) or TSB (Figure 5). Cultures were then 
diluted 1:100 in 100 µl of media in 96-well round-bottom plates. The growth media 
consisted of 38% TSB and 62% CP buffer (3 mM CaCl2, 20 mM Tris base, and 100 mM 
NaCl, 10 mM β–mercaptoethanol, pH 7.5) with added 1 µM MnCl2 and 1 µM ZnSO4. 
Plates were then incubated at 37° with shaking at 180 rpm. For both growth and 
expression assays optical density (OD600) and fluorescence was assessed after 8 hrs of 
growth. CP was purified as described [20, 35]. 
 
Construction of staphylococcal plasmids and mutagenesis  
 To generate the YFP reporter plasmids the entire promoter for sarA was amplified 
with the primers listed in Table 3.2 and then cloned using standard techniques into pAH5 
[42]. The staphylococcal SarA expression constructs were created by amplifying sarA 
under the control of the P1 promoter using the primers indicated in Table 3.3 and then 
cloning these fragments into pOS1 [19]. SarA was mutagenized using primers indicated 
in Table 3.3.  
 
Sod activity 
 Individual SOD activity was assayed using a water-soluble tetrazolium salt assay 
and gel-based nitro blue tetrazolum assay as previously described [23, 35, 43]. S. aureus 
was grown in the presence or absence of 480 µg/ml CP with 38% TSB and 62% CP 
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buffer and harvested during exponential phase (OD600 of ~0.2-0.25). Bacterial cells were 
harvested and resuspended in 0.5 mM KPO4 buffer at pH 7.8 with 0.1 mM EDTA [43]. 
Cells were lysed using mechanical disruption and centrifuged. Protein concentrations 
were then determined using BCA assay (Pierce). The protein concentration in the cell 
lysates were normalized and 5.17 µg of protein loaded onto 10% native polyacrylamide 
gel and resolved via electrophoresis. The gels were then incubated with 0.5 M KPO4 at 
pH 7.8, 1 mM EDTA, 0.25 mM nitro blue tetrazolium chloride, and 0.05 mM riboflavin 
for 10 minutes and then exposed to light [43]. To test for Fe-loaded SodM gels (where 
indicated) were incubated prior to gel staining with 20 mM H2O2 or water for 20 minutes 
[1]. Imagining of gels was done with BioRad imager Universal Hood II. 
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FIGURES AND TABLES 
 
Figure 3.1. The metal regulators in S. aureus do not regulate expression of SodM. S. 
aureus WT, ∆mntC/H, ∆mntR, ∆fur, ∆zur carrying pSodM-YFP reporter grown in the 
presence of absence of Mn (A) or varying concentration of CP (B, C & D). Expression 
values were normalized growth (optical density 600). * = p < 0.05 relative to WT of same 




Figure 3.2. SarA is the dominant regulator in response to Mn-limitation. S. aureus 
WT, ∆sigB (A), and ∆sarA (B) carrying pSodM-YFP reporter grown in the presence or 
absence of CP. Fluorescence values were normalized to growth (optical density 600). * = 
p <0.05 relative to WT via two-way ANOVA using Dunnett’s post-test. Error bars 
represent SEM (n=3).  
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Figure 3.3. SodM activity is regulated by SigB and SarA. S. aureus WT, ∆sarA, 
∆sigB, ∆sarA∆sigB were grown in the absence and presence of CP. The bottom gel was 
treated with hydrogen peroxide before assessing SOD activity, to inactivate any Fe-




Figure 3.4. SarA expression is increased with CP treatment. S. aureus WT, and 
∆sarA∆sigB carrying pSodM-YFP (A) reporter grown in the presence or absence of CP. 
S. aureus WT, ∆sarA, ∆sigB carrying pAsp23 (B) or pSarA (C) reporter grown in the 
presence or absence of CP. * = p <0.05 relative to WT via two-way ANOVA using 
Dunnett’s post-test. # = p <0.05 relative to without CP via two-way ANOVA using 






Figure 3.5. SodM activity is controlled by post-translational modification on SarA. 
S. aureus WT and ∆sarA carrying vector control (vc), pSarA-WT (WT), pSarA-C9S 
(C9S), or pSarA-C9E (C9E) were grown in the absence and presence of CP. Experiment 





Figure 3.6. The regulatory network of SodM in S. aureus. In metal-replete medium (a) 
the alternative sigma factor (SigB) activates the expression of the staphylococcal 
accessory regular [44]. This then leads SarA to repress the expression of sodM. In metal-
deplete medium (b) SigB activity is reduced and it no longer activates the expression of 
sarA. A post-translational modification (*) on the 9th residue, a cysteine, of SarA senses 
Mn-limitation. The modified SarA no longer represses expression of sodM, thus leading 
to SodM activity.  
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Table 3.1. Strains used in this study. 
Strain Description Reference 
Wild type S. aureus Newman  
sodM S. aureus Newman sodM::erm [23] 
∆sarA S. aureus Newman sarA::erm This study 
∆sigB S. aureus Newman sigB::erm This study 
∆mntR S. aureus Newman mntR::erm This study 
∆sarA∆sigB S. aureus Newman sarA::kan and sigB::erm This study 
WT pEmpty S. aureus Newman carrying pAH5-empty [23] 
WT pSodM S. aureus Newman carrying pAH5-psodM [23] 
WT pSarA S. aureus Newman carrying pAH5-psarA This study 
WT pAsp23 S. aureus Newman carrying pAH5-pasp23 This study 
∆sarA pEmpty S. aureus Newman carrying pAH5-empty This study 
∆sarA pSodM S. aureus Newman carrying pAH5-psodM This study 
∆sarA pAsp23 S. aureus Newman carrying pAH5-psarA This study 
∆sigB pEmpty S. aureus Newman carrying pAH5-empty This study 
∆sigB pSodM S. aureus Newman carrying pAH5-psodM This study 
∆mntR pEmpty S. aureus Newman carrying pAH5-empty This study 
∆mntR pSodM S. aureus Newman carrying pAH5-psodM This study 
∆sarA∆sigB pEmpty S. aureus Newman carrying pAH5-empty This study 
∆sarA∆sigB pSodM S. aureus Newman carrying pAH5-psodM This study 


























Table 3.2. Plasmids used in this study. 
Plasmid Description Reference 
pAH5 YFP reporter plasmid containing the sarA P1 promoter [42] 
pEmpty pAH5 without a promoter driving YFP expression  [23] 
pSodM pAH5 with the sodM promoter driving YFP expression [23] 
pAsp23 pAH5 with the asp23 promoter driving YFP expression [42] 
pSarA pAH5 with the entire sarA promoter driving YFP expression This Study 
pOS1 Cloning expression vector [49] 
pSarA pOS1 under the P1 promoter expressing wild type SarA This Study 
pSarA C9S pOS1 under the P1 promoter expressing SarA C9S This Study 
pSarA C9E pOS1 under the P1 promoter expressing SarA C9E This Study 
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Table 3.3. Primers used in this study. Underlined bases represent restriction sites used for 
subcloning, and bases highlighted in bold represent mutagenized bases. 
Name Sequence 
sarA 5 YFP cgatggatccattaacttttagcttatcattttaac 
sarA 3 YFP cagtggtaccgtttaaaacctccctatttgatgcatc 
sarAC9E_F  gcaattacaaaaatcaatgatgaatttgagttgttatcaatggtc  
sarAC9E_R  gaccattgataacaactcaaattcatcattgatttttgtaattgc 
SarA C9S 5 ccattgataacaactcaaagctatcattgatttttgtaattgccatg 
SarA C9S 3 catggcaattacaaaaatcaatgatagctttgagttgttatcaatgg 
SarA pOS1 5' cgatggatccgctgatatttttgactaaaccaaat 
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 CHAPTER 4: CONCLUSIONS 
 
 The use of superoxide dismutases (SODs) to eliminate the toxic molecule 
superoxide is widespread across Archaea, Eukarya, and Bacteria [3]. If unlimited 
superoxide can damage to the cell [2, 8, 13]. There are four classes of SODs based on 
their metal dependency: nickel (Ni), copper (Cu)/zinc (Zn), and iron (Fe) or manganese 
(Mn) [3]. The class of Fe or Mn SODs shares a high level of homology [2, 3] and can 
become mismetallated leading to inactive proteins. There is also a subclass of Fe or Mn 
SODs that can use both metals, termed cambialistic [2]. The biological role of 
cambialistic SODs was established in this work.  
 The gram-positive human pathogen Staphylococcus aureus possessed two SODs, 
SodA and SodM. Upon the discovery of SodA and SodM studies led to their annotation 
as Mn-dependent enzymes [4, 15]. Their classification was assigned to them because of 
the inability to inactivate them with either hydrogen peroxide for Fe-SODs or cyanide for 
copper/zinc-SODs along with their high level of similarity and identical binding sites [4, 
15]. Further work elucidated that SodA and SodM were needed to resist nutritional 
immunity [10], but their individual contributions were not determined.  
 In Chapter 2 I studied the individual roles of SodA and SodM in order to 
determine the contributions that they provide to resisting Mn-limitation. Previous work 
on SodA and SodM identified them as important for resisting nutritional immunity but 
left many questions, as they are Mn dependent enzymes promoting resistance to Mn-
limited conditions [10]. To identify their individual contributions to resisting nutritional 
immunity and their role in pathogenesis, I first looked at the expression of SodA and 
found that there was no difference in expression levels in the presence of calprotectin 
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(CP). However, when metal-replete and experiencing oxidative stress the expression of 
SodA went up. When looking at expression of SodM I discovered that expression 
increases with the concentration of CP (Figure 4.1). This was an interesting discovery as 
there was a previous study looking at the expression of sodM where they dismissed the 
role of Mn in controlling the expression [1, 9]. In the previous study, to test if Mn played 
a role, micromolar levels of Mn were added to metal-replete media and expression of 
sodM was accessed. The study showed no induction of sodM in these conditions. To 
further probe the importance of SodM, an environment where SodM is necessary for 
optimal growth was identified. I discovered that SodM was important when S. aureus is 
experiencing metal starvation and oxidative stress. This growth defect was the first one 
for a strain lacking SodM despite numerous attempts to identify one. The metal content 
of SodA and SodM in the presence of CP was probed after it was revealed that in vitro 
SodM is active with Mn or iron (Fe). In order to probe the metal content of SodA and 
SodM, zymogens gels were used. This experiment revealed that in metal replete media 
SodA is metallated with Mn and is the primarily active SOD (Figure 4.1). SodM was 
found to use Mn and Fe when in a metal-replete environment, but it only uses Fe in the 
presence of CP (Figure 4.1). The finding that SodM uses Mn and Fe in culture was unlike 
previously described cambialistic SODs as others have only been tested in vitro. My 
work found a biological role for the cambialistic SodM. When WT mice are infected with 
S. aureus ∆sodM strain they are burdened with the same level of bacteria as those 
infected with WT S. aureus, further establishing the importance of SodM. SodA is likely 
more important when first establishing infection before the host depletes the tissues of 
metals, as loss of SodA in CP-deficient mice led to reduced bacterial burden. SodM is yet 
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another tool allowing S. aureus the ability to adapt from a metal-replete environment to 
metal-deplete environments generated by host immune proteins such as CP and is 
deemed advantageous.  
 In Chapter 3 I probed the regulatory network of the cambialistic SOD, SodM. 
Previous work identified the alternative sigma factor B (SigB) as playing a role in 
regulating SodM [9]. Other work also identified the staphylococcal accessory regulator A 
[1, 12] as the regulator of SodM [1]. My work from Chapter 2 found that sodM is 
expressed upon CP-induced Mn-starvation and is important for growth when Mn is 
limited. Together with previous work I wanted to create a comprehensive understanding 
of the regulation of SodM. I first needed to establish the role that Mn plays in regulating 
SodM. There is conflicting work on the role of Mn in regulating SodM [1, 6, 9]. In work 
by Manna and Ballal, they stated that Mn played no role in regulating SodM, while my 
work in Chapter 2 found that Mn-limitation induced its expression [1, 6]. I identified that 
by using the ∆mntC/H strain to limit internal Mn concentrations the expression of sodM 
was increased and that addition of Mn can revert its expression. Therefor, sodM 
expression is dependent on internal Mn concentrations. I also asked if the known metal 
responsive regulators, MntR, Fur, Zur [7, 11, 16], played a part in the SodM regulation 
and found that none of them did. Next, I probed the role that SigB and SarA have in 
regulating SodM and discovered that, while both are part of the regulatory network, SarA 
is the master regulator and is responsible for the responsiveness to CP-induced Mn-
starvation. Additionally, other work found post-translational modifications that alter the 
activity of SarA by modifying its cysteine [5, 14]. The modifications allow for altered 
binding affinities of SarA despite induced expression upon treatment with CP. Using this 
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work as a platform, I overexpressed WT-SarA in S. aureus, as well as two mutants with 
altered activity (C9S, repressive; and C9E derepressive). I found that the WT form leads 
to complete complementation of SodM activity, while the repressive form led to 
complete loss of SodM activity. Together, these data support the idea that while both 
SigB and SarA are part of the SodM regulation, SarA is responding to the CP-induced 
Mn-starvation effect through its cysteine residue (Figure 4.1). However, the exact 
mechanism by which the Mn-starvation is being sensed is not fully understood, nor is the 
post-translational modification that is responsible. 
 
FUTURE DIRECTIONS  
 Future work will include the study of the role of cambialism in the pathogenesis 
of S. aureus. SodA and SodM have a high level of similarity, but have different metal 
profiles. A high level of similarity means there are few possibilities that allow for the 
difference in metal specificity. By looking at the differences, residues can be identified 
that allow for a change in metal dependency. The ability to distinguish between the three 
species of Fe, Mn or Fe and Mn SODs is not yet possible. The regulation of SodA is still 
left unexplored. I discovered that sodA is induced under the metal-replete conditions by 
oxidative stress. However, the mechanism of this induction is still unknown. Despite 
constitutive expression of sodA, the protein activity does not correlate to expression. Thus 
this still leaves the question as to why there is expression, but no activity. It is possible 
that SodA is made, but it is metallated with Fe, which inactivates it.  
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 Questions still remain for the regulation of SodM. In particular, there is a need for 
further understanding of the mechanism that detects CP-induced Mn-starvation that 




Figure 4.1. Comprehensive model of the roles of SodA and SodM in different metal 
conditions. In Mn-replete medium SodM is the primarily active SOD. While SodM is 
regulated by the alternative sigma factor (SigB) by activating expression of the 
staphylococcal accessory regulatory [12] and thus repressing expression of sodM. In Mn-
deplete medium the activity of SodA is diminished. SodM is Fe-loaded and activity is 
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